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ABSTRACT 
  
The effect of thermal radiation on cloud droplet evolution was investigated both 
experimentally and theoretically. Droplet size measurements were conducted on laminar, 
saturated water mist flowing through a tube apparatus with an inner wall cooled to induce 
radiative heat transfer from the mist droplets to the tube wall. The flow tube was designed 
to isolate the radiative effect by eliminating convective heat transfer between the mist flow 
and the chamber wall. Droplet size distributions were measured before and after radiative 
cooling using a light scattering optical analyzer. Radiative flux varied from 85 to 184 W/m2 
and minimum (centerline) droplet residence time in the radiative section varied from 15 to 
60 seconds. Droplet sizes increased significantly after they underwent radiative cooling. For 
example, with 145 W/m2 radiative flux, the volume-average size (D43) increased from 29 to 
39 µm after approximately 60 seconds of (minimum) centerline residence time in the 
radiative cooling section. Thus, experimental evidence was obtained that demonstrated that 
droplet radiation to a remote, cold radiative sink can augment droplet growth significantly 
in the 20 to 80 µm condensation-coalescence bottleneck regime.  The droplet size 
distributions measured were fit with Weibull, Gaussian, and Lorentzian distribution 
functions, and the Gaussian distribution fit best. The results demonstrated that the 
radiatively induced condensation process transformed droplet spectra from monomodal to 
bimodal, in accordance with theoretical predictions. These bimodal droplet distributions 
were found to be skewed positively, with relatively wide dispersions for the smaller mode 
and less dispersion for the larger mode.  Theoretical results were compared with droplet size 
distributions measured before and after radiative cooling, for radiative flux that varied from 
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85 to 184 W/m2 and minimum (centerline) droplet residence time in the radiative section 
that ranged from 15 to 60 seconds. Calculations confirmed the experimental observations 
that droplet sizes increased significantly after experiencing radiative cooling. For example, 
with 145 W/m2 radiative flux (245 K wall temperature), calculations predicted a volume-
average size (D43) increase from 29 to 39 µm after approximately 60 seconds of (minimum) 
centerline residence time in the radiative cooling section, which was consistent with 
measurements. With respect to size distribution data, calculations showed partial or 
qualitative agreement, but not complete quantitative agreement, in that the calculations 
matched the experimental size distribution data reasonably well only for droplets larger 
than 100 µm, indicating the need for further improvement in modeling assumptions. Thus, 
theoretical support was demonstrated for the concept that droplet radiation to a remote, 
cold radiative sink might augment droplet growth significantly in the 20 to 80 µm 
condensation-coalescence bottleneck regime. 
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CHAPTER 1: INTRODUCTION 
 
Heat transfer through evaporation and condensation in two-phase, water mist-air 
mixtures has been studied extensively during the past few decades [1]–[7]. However, 
radiation usually has been assumed to be negligible compared to other heat transfer modes. 
This research studied two-phase, water mist-air mixtures to explore droplet growth under 
the influence of radiative cooling and proposed thereafter to examine its applications to 
cloud physics, electronic cooling, and advanced turbine systems. Heat transfer on the part of 
mist-air mixtures in a test chamber involves various heat exchange paths among the vapor 
phase, water droplets, chamber wall, and radiative sink. Potential heat transfer processes 
involved in mist flow are forced convection of the vapor phase to the chamber wall, direct 
contact heat transfer of droplets to the test chamber (droplet impingement), interfacial heat 
transfer between vapor and droplets, and radiation heat transfer between a remote radiative 
sink and vapor or droplets. The last of these was the mechanism of interest here, and a 
specific experiment was designed to study this process.  
The effect of thermal radiation on mist or cloud droplet growth generally was ignored 
or considered negligible [8]–[12].  However, Reynolds [13] first addressed the effect of 
radiation on droplet growth back in 1877. He pointed out that radiation effect is comparable 
with other modes of heat transfer. Later, Fuchs [14] introduced the radiation term in the 
vapor growth equation. However, he also concluded that the radiation effect on droplet 
growth is negligible because of the small temperature differential between a cloud droplet 
and its local environment. Subsequently, Roach [5] considered radiation between droplets 
and a much cooler, remote environment, and his detailed radiative analysis showed that 
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radiative cooling and diffusion have significant effects on droplet growth. He postulated that 
the upper part of stratiform clouds experience radiative cooling from colder, higher cloud 
layers and outer space. Droplet growth from diffusion condensation can be enhanced when 
a cloud top experiences radiative cooling. Barkstrom [15] suggested that when droplet sizes 
are greater than 20 m, droplets can even grow in a sub-saturated environment because of 
radiative cooling. Guzzi and Rizzi [16] reported the radiative effects on different droplet sizes 
in detail. They showed that by neglecting the collision-coalescence effect, longwave radiative 
cooling could increase the growth of larger droplets while suppressing smaller droplet 
growth. Recently, Austin et al. [17] analyzed cloud droplet growth attributable to radiation 
and collision-coalescence combined, and postulated that collision-coalescence can reduce 
the precipitation time by as much as a factor of four. In summary, several theoretical studies 
have explored the radiative effect on cloud droplet growth [5], [14]–[17]. 
Despite this theoretical attention to the effect of radiation on droplet growth, to our 
knowledge, no attempts have been made to investigate this phenomenon experimentally. 
This lack of experimental evidence motivated us to explore the effect of radiation on cloud 
droplet growth by studying its effect in an analogous experimental setup, in which, rather 
than studying the droplet spectra in a cloud chamber, we used a stream of laminar mist flow 
that passed through a tube. Further, a remote radiative sink was established to replicate the 
effect of upper, colder cloud layer’s radiation on mist droplet evolution. In addition to the 
experimental studies, a theoretical analysis also was conducted to explore the 
parameterization of droplet spectra with respect to number, surface area, and volume 
concentration. 
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1.1 Thermal Radiation Effect on Water Droplets Evolution  
The literature has reported that cloud droplets may experience significant radiative 
heating/cooling from their surroundings, which in turn could alter their growth rate. 
Depending on the temperature of the upper cold cloud layer, the longwave thermal radiation 
emitted continually by this layer could affect lower level clouds. However, this cooling effect 
could be suppressed when short wave radiative heating interferes with growth dynamics. As 
IR radiation is trapped by the upper boundary layer of the stratocumulus clouds, the droplet 
spectra continue to grow until raindrops begin to form, and thus, droplet vapor growth rates 
increase more than they would in the absence of radiative cooling.   
Cloud droplet evolution in the atmosphere is influenced by several mechanisms, 
including coalescence, condensation, entrainment, mixing, etc. At a certain droplet size 
(depending on turbulence intensity), the collision-coalescence mechanism becomes 
important. As noted above, under contain conditions radiative cooling (or heating) can also 
contribute significantly to droplet growth along with other mechanism. However, radiation’s 
effect on cloud droplet evolution could be negligible when solute and curvature effects play 
an important role in droplet dynamics. Particularly when the effective environmental 
radiating temperature is close to air temperature of cloud. Radiation can only be significant 
when there is a significantly different effective radiating temperature such as from a colder 
cloud layer in optically thin limit. Therefore, it is important to understand radiation’s effect 
on droplet growth dynamics to achieve more accurate cloud modeling.   
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1.2 Clouds and Cloud Types 
Clouds, the ever-changing occupants of the sky, usually are found in the troposphere, 
which contains numerous microscopic droplets of water and ice particles. Clouds in the 
atmosphere appear in diverse shapes, including frothy white towers, thin streaks against the 
blue sky, etc. Convective or cumuliform clouds form when a parcel of moist air rises toward 
a relatively colder layer in the presence of CCN (Cloud Condensation Nuclei) particles. Our 
focus in this study was to explore the effect of radiation on droplet growth in lower clouds 
that are influenced by upper, cold cloud layers.  
According to the World Meteorological Organization, clouds can be classified by 
observation into ten genera. Table 1.1 presents the classification of clouds, which are 
organized into three groups (lower, middle, and higher level clouds), corresponding to their 
typical heights above the Earth’s surface.  
Lower clouds can be divided into the following subgroups; cumuliform clouds 
(cumulus and cumulonimbus) and stratiform clouds (stratus, stratocumulus, and 
nimbostratus). Cumuliform clouds are composed of rapidly rising air currents, which make 
the cloud appear to be bubbling and towering. Stratiform clouds are broad, with little or no 
vertical air movement, as shown in Fig. 1.1; figures 1.2 (a) & (b) show two midlevel clouds, 
altostratus and altocumulus. Altostratus clouds appear to have layers with a striated, fibrous, 
or uniform composition, and are very similar to lower stratus clouds, except that the bases 
of altostratus clouds differ. Similarly, altocumulus clouds have the same shape and 
composition as do stratocumulus clouds, except that the former are located at the midlevel. 
Figures 1.2 (c) & (d) show two higher clouds, cirrocumulus and cirrus clouds. Cirrus clouds 
have a fibrous appearance, with white delicate filaments, and white patches or narrow 
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bands, while cirrocumulus clouds are composed of very small elements that resemble grains, 
ripples with thin white patches, and sheets or layers of clouds. Both higher clouds consist of 
numerous ice particles as well as water droplets.  
 
Table 1.1 Classification of cloud layer identified visually 
 
  
  
Fig. 1.1 (a) A cumulus cloud (b)A cumulonimbus cloud (c) A stratus cloud (b) A 
stratocumulus cloud seen from an aircraft over the Atlantic Ocean [18] 
Genus Groups Height of cloud base 
Polar Regions Temperate Regions Tropical Regions 
Cumulus 
Low Below 2 km 
Cumulonimbus 
Stratus 
Stratocumulus 
Nimbostratus 
Altostratus 
Middle 2-4 km 2-7 km 2-8 km 
Altocumulus 
Cirrus 
High 3-8 km 5-13 km 6-18 km Cirrostratus 
Cirrocumulus 
(a) (b) 
(c) (d) 
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Fig.  1.2 Middle clouds (a) An altostratus cloud in Bodø, Norway (b)An altocumulus 
stratiform cloud in Seattle, Washington; high clouds (c) A cirrocumulus stratiform cloud in 
Seattle, Washington (d) A cirrus floccus in Durango, Colorado[18] 
 
The spectra of water droplets in a lower or mid-level cloud will grow when exposed 
to a higher, colder cloud because of infrared radiation cooling. Cloud dynamics largely 
dominate in the phenomenon of droplet growth in cumuliform clouds, especially when cloud 
droplets rise and are exposed to lower ambient temperatures. In the process, they travel 
toward the upper altitude, which is a key aspect in the evolution of droplet spectra. In 
contrast, when lower or midlevel clouds are striated, or contain fibrous stable layers (e.g., 
stratus or altostratus clouds) and float in the atmosphere with a uniform base, radiation from 
upper cirrus clouds, which have much lower temperatures than do the lower clouds, may 
dominate in their droplet evolution. In a recent article, it has been [6] proposed that the effect 
of thermal radiation on a lower cloud in typical ambient conditions could be sufficiently 
(a) (b) 
(c) (d) 
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strong as compare to the effect of  0.1% super- or sub-saturation, which is sufficient to 
explain the missing mechanism of warm rain droplet growth from the upper limit of non-
radiating, diffusional, condensational growth. 
 
1.3 Cloud Droplet Spectra 
Cloud droplet spectra have a significant influence on the Earth’s climate, as they 
dominate clouds’ optical properties, and influence raindrop formation as well. Their 
thermodynamic state controls cloud droplets’ evolution, as well as the microphysical and 
dynamic state of the clouds.  Initially, at the cloud base, droplet formation and size 
distributions are controlled by ambient supersaturation and suspended aerosol properties. 
In later stages, clouds rise to higher altitudes, and additional mechanisms, including 
collision-coalescence, ice crystal growth in mixed phase clouds, raindrop sedimentation, 
entrainment, and mixing come into play to affect cloud drops’ size distribution.   
 For more than a century, researchers have been trying to understand the way in which 
raindrops form from cloud droplet spectra. The transformation of raindrops from clouds’ 
droplet spectra depends on clouds’ liquid automatic conversion rate, which is a function of 
droplets’ relative dispersion[19]–[21]. Relative dispersion is defined as the ratio of the 
standard deviation to the mean radius of the cloud, and is used to represent cloud droplet 
size distribution. This parameter is used to solve large-scale atmospheric models, such as 
cloud resolving models (CRMs) or global climate models (GCMs), to explore the evolution of 
cloud droplet distribution spectra and the effects of aerosol on clouds. The influence of 
dispersion factors is important, primarily in the early stages of cloud development, before 
other mechanisms, such as collection, sedimentation, entrainment, and mixing become 
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dominant. Clouds are based on relatively small radius droplets and a sparse population of 
large droplets. During clouds’ lifetimes, the smaller dispersion factor of droplet spectra 
represents the droplets’ growth, which is dominated by diffusion condensation. Rogers and 
Yau[22] showed that droplet growth from condensation leads to an increase in the mean 
radius, but a decrease in the width of the size distribution (smaller standard deviation). 
However, Tas et al.[23] showed that, during the evolution process, cloud droplet spectra 
might possess invariant dispersion factors, which suggests that additional processes may act 
on the growth process together with diffusion, such as collision-coalescence, activation of 
giant CCN, and the effect of radiation from the upper layer of colder clouds. Droplet 
distribution spectra can be represented statistically to clarify those mechanisms. In cloud 
physics, several parameterizations of droplet size distribution have been developed, 
including gamma and generalized gamma distributions, log-normal distributions, 
exponential distributions, and inverse power laws. These distribution parameterizations are 
used for aerosol, droplet, and crystal size spectra, and usually are constructed based on 
empirical aspects of the size spectra measured. 
 
1.4 Research Objectives 
To investigate the effects of thermal radiation on the evolution of cloud droplets, an 
analogous mist flow setup was used in experiments in which mist flow experienced the 
radiative cooling effect from a remote radiative sink. At the same time, the growth history of 
droplet distribution was captured by a Malvern spraytec laser diffraction instrument. Two 
types of theoretical analyses were conducted with the same experimental parameters to 
compare the theoretical results with the experimental outcome: the radiative effect on 
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monodispersed and polydispersed droplet spectra during mist flow. The primary purpose of 
this work was to explore experimental evidence of cloud droplet evolution by radiation in a 
similar, simplified mist flow system. 
In this work, mist flow experiments were used to study droplet evolution at varying 
radiative intensities and mist flow rates. To explore the heat sink radiative effects on droplet 
growth, we used three different heat sink temperatures (-28, -18, and -8 °C); further, to 
explore the effects of flow rate on droplet growth, mist flow was measured at three different 
Reynolds numbers (centerline residence times of 15, 30, and 60 seconds). Two measures 
were made to induce strong radiative heat transfer while minimizing other modes of heat 
transfer. First, a radiative sink was established using an outer liquid-nitrogen cooled wall. 
Second, other modes of heat transfer were minimized by maintaining an annular airflow in 
thermal equilibrium with the core mist flow using an infrared-transparent wall that 
separated the two flows. Consequently, the droplet growth in laminar mist flow was 
determined primarily by the balance between thermal and species diffusion between water 
vapor and droplets to characterize the droplet evolution using a Malvern Spraytec laser 
diffraction system.  
To understand the radiative effect on droplet evolution mechanisms in mist flow 
experiments, a quasi-static (QS) theoretical model was used to study the evolution of droplet 
spectra. The same experimental parameters were used to conduct the numerical analyses on 
the droplet growth models, e.g., radiative sink temperatures (-28, -18, and -8 °C), pre-cooled 
droplet spectra, and mist flow rates (centerline residence times of 15, 30 and 60 seconds), 
etc. Further, the optical properties of transparent tube walls of polyethylene (PE) film used 
in the experimental setup were calculated, and those properties were incorporated in the 
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droplet growth numerical analyses. During laminar mist flow, droplet growth models 
assumed that radiation and conduction were the two principal modes of heat transfer 
responsible for droplet evolution, which are determined by the balance between thermal 
and species diffusion between the vapor and the droplets, and controlled by latent heating 
and radiative cooling of the droplets. Theoretical droplet spectra also were compared with 
respect to number, surface area, and volume concentrations to understand the contribution 
of radiation in different size regimes. 
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
 
This chapter reviews the effect of thermal radiation on water droplet growth in clouds 
and mist. The first section gives an overview of droplet evolution mechanisms in clouds and 
mist. In the second section, a number of conventional theories associated with cloud droplet 
evolution are presented. In particular, this section focuses on the theory and background of 
Köhler curves, and the relationship of droplet growth associated to this theory. The third 
section reviews energy exchange mechanisms of radiation in clouds. In this section, the 
existing Köhler theory is compared to a radiation modified Köhler theory. The last section 
describes water droplet growth mechanisms in laminar mist flow in a tube, and the heat 
transfer mechanisms between the tube wall and mist are presented. 
 
2.1 Droplet Evolution in Cloud/Mist 
The rate at which cloud droplets grow or shrink strongly depends on the physical, 
chemical and thermodynamic states of the ambient conditions prevailing at that time. 
Microphysical cloud evolution is dominated by several complicated atmospheric 
interactions among CCN, moisture content, and atmospheric motion [22], [24]–[27].  When 
cloud environments differ from the equilibrium supersaturation state, droplets will either 
grow and accumulate water vapor, or shrink and lose mass, depending on the value of 
supersaturation. During droplet evolution, water vapor crosses the liquid-vapor interface 
while energy exchange happens at the interface to compensate for the phase-change 
enthalpy. Sometimes researchers refer to these molecular-scale surface phenomena using 
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kinetic parameters, the mass accommodation coefficient, and the thermal accommodation 
coefficient [28].   
An analysis of the cloud droplet evolution model can be approached by either 
considering an individual droplet (Lagrangian approach) at a cloud top, or the entire droplet 
spectra (Eulerian approach) in a cloud layer. Before advances  in computer processing speed, 
the Lagrangian approach was a popular means for solving the droplet growth equation, 
which involved using Langmuir’s suggested diffusion coefficient for the kinetic correction 
factor [29]–[31]. More recently, Fukuta and Walter proposed a new form of the kinetic 
correction factor, which allows more accurate computation of CCN activation and droplet 
spectra evolution, especially during the stages of cloud formation [32]. The kinetic correction 
factor accounts for the rapid increases of temperature and vapor concentration gradient, 
which are prevalent up to one mean free path of the droplet surface.  In their article, Fukuta 
and Walter showed that the effect of temperature gradients can be neglected for DP > 1 m, 
and the effect of the vapor concentration gradient is important up to DP =10 m. In the case 
of the Eulerian microphysical model, Fukuta’ s kinetic correction factor [32] has been widely 
used to compute the droplet growth equation, especially when cloud droplets are solved in 
fixed size bins and can be analytically integrated [33]–[35].  The effects of kinetic correction 
factors and solutes are excluded from this analysis, as those are only important for smaller 
droplet regimes. The focus of this thesis is to explore the radiative effects on droplet growth 
evolution which is particularly important for larger droplets. 
Modeling mist droplet evolution, which has both continuous (moist air) and discrete 
(water droplet) phases, requires solving a complicated set of coupled mass, momentum, and 
energy transport equations.  Numerous studies [2], [4], [35]–[39] have reported on mist flow 
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fundamentals and applications for years. For example, Terekhov and Pakhomov studied the 
laminar mist flow over a flat plate by using a finite-difference scheme [36].  They used a 
‘particle source in cell’ model in their analysis, in which mist droplets were considered an 
internal source of mass, momentum, and energy for moist air. Yao and Rane also reported 
the mist droplet evolution by using a similar approach with droplets as heat sinks in the 
energy equation [2]. Another popular approach in the literature is to treat mist flow as two 
separate phases (droplets and moist air) and to conduct analysis by solving the two phases 
independently, with the phase-interaction terms added in the conservation equations [4], 
[37], [38]. 
 
2.2  Radiative Influence on Cloud Droplets Evolution  
The effect of radiative cooling on water droplet growth is considered an important 
mechanism for drizzle drop or raindrop formation in stratiform clouds and fog layers. At 
cloud boundaries, water droplets are typically exposed to strong longwave (LW) radiative 
cooling by top cloud layers and shortwave (SW) radiative heating from the sun. These 
counteracting effects greatly dominates droplet evolution rates.  Marquis and Harrington [7] 
reported that the values of these radiative cooling and heating rates could be as high as -15 
K/hr and 2 K/hr respectively. Raindrop formation in stratus clouds happens when LW 
radiative cooling overwhelmingly dominates SW heating. This is a common phenomenon, 
especially at the edge of a cloud’s top boundary layers. The result is that the net cooling effect 
can increase the condensation rates substantially while enhancing the dissipation of latent 
heat produced during the condensation process as compared to the rates induced by 
standard diffusion.     
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In 1877  Osborne Reynolds first addressed the importance of the radiative cooling 
and heating terms in the vapor growth equation [13]. He pointed out two common 
misunderstandings about radiative effects on cloud droplet growth. The first was that 
radiative environment temperatures were assumed to be the same as the droplet 
temperature. In fact, the effective radiative temperature can be much lower than the droplet 
temperature due to the influence of upper cold cloud layers, which can enhance the droplet 
growth tremendously. The second observation was the misconception that radiation impact 
on droplet growth is small because radiation causes a slight local temperature difference 
(typically the values are in an order of 10-2 K). However, the problem is that it overlooks the 
fact that the driving force due to droplet and surrounding air temperature difference (10-2 
K) for thermal radiation is the same order of magnitude as that for conduction or 
condensation. These two observations later emerge in the literature as the Reynolds effect.  
For many years the Reynolds effect was ignored by cloud physicists until Fuchs 
(1959) first explored it in the vapor growth equations [14].  He showed that the radiative 
effect was negligible because the influence of radiation could be affected by a small 
temperature difference between cloud droplets and the environment. However, this study 
failed to address the strong radiative interaction that commonly occurs at cloud boundaries 
due to the large differentials in incident fluxes. Roach (1976) first addressed this issue by 
analyzing the radiative cooling effect on a single isolated droplet; he showed that this effect 
is responsible for condensation rate increase even in classically sub-saturated environments 
[5]. He focused on droplet growth in radiation fog and suggested that radiative cooling could 
be responsible for larger droplet growth in cumulus clouds. Later, Guzzi and Rizzi (1980) 
studied the radiative effect on droplet distribution as well as its effect on droplet population 
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[16]. They showed that for bigger droplets, the radiative effect was more prominent and it 
changed the population density of droplets. These results showed that radiative cooling 
could enhance larger droplet growth and suppress smaller droplet growth under the 
assumption no collision and coalescence is present during the process.  
To address the effect of collision-coalescence on the evolution of droplet spectra in 
conjunction with radiative cooling, Austin et al. (1995) utilized  mixed-layer model of 
stratocumulus clouds [17]. This mixed-layer model assumed a simplified function to account 
for the longwave cooling effect proposed by Roach [5], and analyzed for a simplified droplet 
population located at the top of clouds. Their results showed that collision-coalescence 
contributed to droplet growth and increased the population of larger droplets. They also 
demonstrated that the precipitation onset time was reduced by a factor of 4 by the inclusion 
of collision-coalescence effects in their simulation.  
Over the years researchers have utilized an improved cloud microphysical-dynamical 
model to capture the radiative effect in a full-scale cloud model. Ackerman, et. al. [40] 
identified the radiative effects on a simplified 1D stratocumulus model coupled with an 
explicit microphysical framework to solve the droplet size distribution.  The limitation of 
their model was that it did not include the comprehensive cloud scale model; therefore, the 
vapor depositional growth equation did not provide accurate results due to erroneous 
supersaturation value assumptions.  But the radiative effect could have changed the 
supersaturation value if a full-scale cloud model was employed in the simulation. They 
demonstrated that radiation has a differential impact on droplet distribution by the faster 
growth rates exhibited by larger droplets as compared to smaller droplets. Simulation 
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results also showed that radiation increased the liquid water content (LWC), 
supersaturation, and optical depth in clouds’ top layer.  
For the most part, previous studies [5] have examined the radiative effect on droplet 
growth either by using a simplified framework where droplets were sitting at the top of 
cloud layers or by using a simplified 1D cloud microphysical model. Additionally, the LW 
cooling effect has only been employed in previous analyses by assuming that the SW heating 
effect is absent  in droplet evolution [5].  However, the SW radiative effect is prominent at 
the cloud deck; here SW covers the visible wavelength of the solar spectrum. Davies first 
examined the interacting effects of LW cooling and SW heating on droplet growth and found 
that those effects can alter supersaturation values and its effect on droplet evolution [41].  
Hartman and Harrington further explored the wavelength effect of radiation energy on 
droplet growth [42]. They showed that the inclusion of SW heating has a detrimental effect 
on the vapor growth of cloud droplets and can suppress collection growth.  
 
2.3  Radiation Modified Köhler Curves 
Classical Köhler theory is used to explore the equilibrium water vapor pressure of an 
aqueous water droplet as well as to predict the water vapor exchange rate between cloud 
droplets and the surrounding atmosphere.  Köhler theory can also be used to predict droplet 
evolution rates that include curvature and the solution effect. In the Köhler equation, the 
curvature term is sometimes referred to as the Kelvin effect. This term represents the 
corrected equilibrium water vapor partial pressure at the droplet surface as required by the 
curvature effects at the droplet surface. The Kelvin effect can also be quantified by an 
effective Kelvin diameter, typically on the order of 10-3 m. Its value also depends on the 
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droplets’ physical properties such as surface tension. The solution effect, on the other hand, 
depends on the types and concentrations of aerosol particles suspended in the atmosphere, 
which vary widely with time and location on the earth. Aerosols in the atmosphere may have 
diverse compositions and densities comprising water, chloride salts, nitrates, sulphates, 
organic compounds etc. Aerosol particles, which have favorable hygroscopic properties, are 
involved in cloud droplet activation and typically dominate the value of critical 
supersaturation. In general, classical Köhler theory does not include the radiative effect  [43], 
but studies [6], [7], [35], [42], [44] have shown that the inclusion of the radiative term is 
important in certain atmospheric situations. An example of such a situation is when a cloud’s 
top layers are exposed to much lower effective radiative temperatures compared to the 
droplet’s surface temperature. This effect become more prominent during nightfall. As there 
is no SW radiation present, the LW radiation increases the droplet growth to a much higher 
rate. 
In the literature, it was postulated that radiation could play a significant role in 
droplet evolution, and the obvious next step would be to solve for the equilibrium 
supersaturation of water droplets in clouds when the radiation term modifies the 
conventional Köhler equation. When the radiative effective temperature is significantly 
different from droplet’s environmental temperature, it will change the equilibrium 
supersaturation due to the altered droplet environment.  
Roach [5] first proposed the modified Köhler equation by adding a radiative term 
along with Kelvin and solute terms. He reported on the effect of the LW radiative term on the 
equilibrium supersaturation (seq) value. He only analyzed the evolution of smaller fog 
droplets (<20 m) and did not extend his analysis to larger droplets. However, it was later 
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discovered by many researchers [7] that the radiative effect is particularly dominant on 
larger droplets. Roach showed that LW cooling could substantially reduce critical 
supersaturation (scrit) and critical radius (rcrit) values and therefore cloud condensation 
nuclei (CCN) become activated at much lower seq values. Under certain conditions, CCN 
activation can even start at sub-saturation conditions, especially for larger nuclei. Once the 
CCN becomes activated, the growth of the droplets becomes unrestricted. When droplet size 
further increases, the value of seq continues to decrease due to the enhanced water vapor 
deposition rate. The interaction of LW and SW radiation effects on the equilibrium properties 
of water droplets has been reported by several researchers [44], [45].  When SW heating is 
added to the LW cooling in the modified Köhler equation, Scrit, and rcrit, values can increase 
substantially and, therefore, the activated CCN number density decreases. The SW effect can 
be so strong that it may change the sign of the radiative term from negative to positive. 
Estimating the values of SW absorption is complicated compared to the value of LW emission. 
This is because in the SW range, the absorption coefficient varies widely and has spectral 
variation in comparison to the LW range. Also in the SW range, the absorption efficiency 
values are small compared to the near unity of emission efficiency for LW radiation. When 
the net radiative effect is positive due to stronger SW absorption and relatively weak LW 
emission, conditions are suitable for enhancing the droplet evaporation rates, even under 
sub-saturated conditions. Consequently, this condition could turn the condensation under 
supersaturation into evaporation.  
The counteractive effect of SW and LW is strongly influenced by atmospheric 
conditions. However, when LW cooling dominates the SW heating the net radiative effect is 
strong enough to increase droplet growth dynamics. In clouds, LW emission is very efficient 
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for droplets in comparison with the inefficient absorption of SW radiation. Typically, 
droplets in the top of clouds experience about -20 to -30 W/m2 net radiative flux once all 
variables are accounted for and by accounting for the counteractive effects of LW and SW 
radiation. This radiative flux value is typical with the assumption of the sun on cloud tops. 
To determine more accurate values of net radiative flux, the actual position of the sun and 
the location of higher clouds are needed. It has been proposed [6] that the net radiative flux 
values (-20 to 30 W/m2) are of the same order of magnitude as typical supersaturation 
values in clouds.  He also reported that the radiative effect can change the size of droplets 
from 20 to 40 m on the time scale of an hour in contrast to droplet growth at the initial 
rapid formation phase, which can occur in a minute in cumulus clouds where droplet 
evolution is dominated by fluid dynamics and conductive/convective transfer.   
The shape of the Köhler curves is modified significantly when the net radiative effect 
term is included in the classical Köhler equation. Equilibrium supersaturation (seq) can be 
solved by adding the radiative term along with Kelvin and solute effect terms in the Köhler 
equation and setting the droplet growth rate (dD/dt) to zero. However, in the droplet growth 
equation, the solute term is a function of the inverse of diameter cubed, which suggests that 
the solute effect is less important for larger droplets. After solving for the seq, a set of curves 
can be plotted for seq as a function of diameter, which have been referred to here as modified 
Köhler curves. When the value of supersaturation(s) in the atmosphere is higher than the 
critical equilibrium supersaturation, the conditions become favorable for droplets to grow 
through condensation. Similarly, when the ambient supersaturation value is lower than the 
critical superstation value, the droplets start to shrink as a result of evaporation. For an 
infinite ambient mass and energy reservoir, water vapor pressure or temperature can be 
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assumed to be constant, and consequently supersaturation values will remain constant, even 
when droplets experience condensation or evaporation. When the net radiative flux 
produces negative values (cooling effects dominant), it represents an unstable equilibrium, 
which means that if the droplet’s initial condition is below the modified Köhler curve, 
droplets will evaporate and the state  point will move to the left until it hits the solid curve.  
When the starting point is above the modified Köhler curve, droplets will grow continuously 
and the state point will move to right of the curve. If supersaturation is assumed to be 
maintained in the infinite reservoir droplets will grow indefinitely.  
 
2.4  Heat Transfer of Laminar Mist Flow in Horizontal Tube 
Over last few decades numerous theoretical and experimental studies have been 
conducted on the heat transfer of two-phase laminar and turbulent mist flow through a 
circular conduit [2], [46]–[49]. Recirculating, two-phase, evaporating-condensing mist flow 
in a tube has received significant attention due to its high heat flux thermal management 
capabilities [39]. Mist could also be used to cool hot surfaces by using the impingement 
cooling technique (wherein a two-phase mixture of small water droplets is sprayed in air to 
enhance heat transfer) in contrast with traditional liquid spray cooling [50]–[54]. Apart from 
these popular cooling applications, mist flow is used here to investigate a fundamental query 
in cloud physics: how can radiation affect droplet evolution in cloud droplet distribution? To 
establish the radiative effect on cloud droplet spectra, we have designed an experiment in 
which mist flows through a tube with an analogous droplet spectra of typical cloud layers 
along with appropriate boundary conditions for radiation.  
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In these experiments, after establishing a radiative sink around the tube wall, mist 
flow is used to analyze the radiative effect on droplet evolution. However, depending on the 
radiative sink intensity and mist thermophysical conditions, one would expect that mist 
would develop a thin water film around the cold tube wall. Therefore, during experiments, 
one major challenge was to avoid the thin water layer that could build around the tube wall, 
especially when the mist temperature is higher than the tube wall. To overcome the 
possibility of water deposition on the tube wall, an additional annular zone was placed inside 
the experimental tube, which was maintained in thermal equilibrium with the mist flow. 
Meanwhile, the radiative boundary layer was established at a distance from the annual 
transparent wall to create a colder effective radiative temperature environment for the mist.  
In summary, many studies have investigated convective heat transfer to mist flow in 
a conduit. Usually radiation has been neglected due to small temperature difference between 
the conduit and mist flow. Here our focus is to investigate the radiation effect on droplet 
growth evolution for water droplets in a laminar mist flow by introducing a remote radiative 
sink with much lower temperature (265 to 245 K) than the mist flow temperature (277 to 
286 K) and to compare the experimental findings with theoretical predictions. Convective 
cooling of the mist flow has been essentially eliminated by design of the experiment in order 
to focus on radiation. This experimental setup was built primarily to simulate the effect of 
conduction and radiation; it also has the capability of varying the radiative flux and mist flow 
rate to further investigate their effect on mist flow.  
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  CHAPTER 3: EXPERIMENTAL METHODS 
 
This chapter presents the experimental methods used to measure the growth of mist 
droplet spectra for different radiative intensities and different mist flow residual times. A 
mist flow apparatus was constructed to measure droplet evolution using an optical 
spectrometer (i.e., Malvern Spraytec instrument). The mist flow setup was designed as an 
open system, which allowed variation of radiative sink temperatures, mist flow rates, mist 
flow temperatures, and the distribution of droplet spectra. Water droplets were introduced 
by a commercial humidifier, which was used to produce polydispersed droplet distributions. 
During the experiment, the mist flow temperature was maintained constant using liquid 
nitrogen inside the annular zone of pre-cooled section. Further, radiative intensity was 
varied by changing the amount of liquid nitrogen inside the annulus. 
 
3.1  Experimental Apparatus 
3.1.1 Mist Flow Tube Apparatus 
We developed an experimental setup consisting of mist (i.e., two-phase mixture of 
finely dispersed water droplets in air) that flowed in a tube to study the radiative effects on 
droplet growth. A schematic of the experimental setup is shown in Fig. 3.1. Mist flowed 
continuously in an anodized aluminum tube at essentially atmospheric pressure. Three sets 
of windows (W1, W2, and W3) were used to observe the droplet size distribution at different 
axial locations along the tube. A Malvern Spraytec droplet analyzer was used to measure 
droplet size distribution at these three axial locations and from those measurements, we 
deduced droplet growth as a function of time. A piezoelectric humidifier was used to 
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generate the mist, which was diluted by mixing it with an air stream before it was fed into 
the flow tube. Mist flow velocity was kept low enough to allow sufficient residence time for 
measurable droplet growth to occur (maximum mist velocity was 0.037 m/s). The 
humidifier could produce droplet size ranges from 0 to 10 µm. However, from the literature  
[5], [6] and theory discussed below, it was evident that the radiation effect would be 
significant when the droplet diameter became larger than approximately 20 µm, i.e., when 
the “normal” condensational growth attributable to small supersaturation induced by 
smaller droplets had slowed (and individual droplets became relatively optically thick in the 
infrared). To produce droplets of this size, a pre-cooled zone was used immediately before 
the test zone. The pre-cooled zone used liquid nitrogen cooling around the tube to grow 
droplets larger than 20 µm primarily by convective and some radiative cooling. In addition, 
in the pre-cooled zone, two sets of flow conditioners were installed between windows W1 
and W2 to make the mist flow velocity and temperature profiles uniform before the flow 
entered the radiative test zone. These flow conditioners damped out any residual turbulence 
that was created by the fan and the mixing of air and mist at the tube entrance, and allowed 
a laminar flow to develop in the radiative test zone. The radiative effect then was isolated in 
a test zone located just after the pre-cooled zone. In the test zone, the mist flow was confined 
inside a polyethylene tube with a 4.45-mm annular zone around it. This annular zone 
contained pre-cooled air flowing at a temperature and rate that eliminated convective heat 
transfer to the radiative sink, i.e., the outer anodized aluminum tube wall that was cooled by 
liquid nitrogen. Thus, the annular air flow eliminated convective cooling by maintaining 
thermal equilibrium between the polyethylene tube and the mist flow. Thin polyethylene 
was used because it has high transmissivity over a wide range of infrared wavelengths.  
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Fig.  3.1 Schematic of cloud droplet growth apparatus  
 
 
Fig.  3.2 Experimental setup for mist growth configuration 
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3.1.2 Droplet Size Distribution Measurement 
A Malvern Spraytec optical analyzer detector was used to measure droplet size 
distribution. The Malvern system is equipped with a 450-mm lens, which allows 
measurement of particle sizes that range from 0.1 to 850 µm. Droplet size distributions were 
measured by illuminating the mist flow with a collimated low-power He-Ne laser (670 nm). 
The droplets scatter the laser light in a size-dependent diffraction pattern incident on the 
detector, which consists of a set of concentric ring detector elements at the focal plane of the 
lens. Software calculates the droplet size distribution using Mie scattering theory and 
correcting for multiple scattering. The software reportedly is able to account for multiple 
scattering for transmissivities as low as 5% direct (unscattered) transmission of the incident 
He-Ne laser beam. 
He-Ne laser light was passed through glass windows at three different axial locations 
along the tube. The glass windows were exposed to ambient conditions, which made them 
susceptible to condensation. During the experiments, windows were heated with warm air 
to maintain the window temperature above the dew point. To avoid droplet contamination 
on the inside of the windows, they were offset 51 mm from the tube wall as shown in Figs. 
3.1 and 3.2. Measurements were obtained along lines of sight through the tube centerline.  
 
3.1.3 Heat Sink 
During the experiments, the heat sink (tube wall) was maintained at an essentially 
uniform temperature in the axial direction. This was accomplished by controlling the amount 
of liquid nitrogen put into an annular region around the tube wall at three axial locations and 
insulating the tube. The tube wall temperature was measured using five thermocouples (K-
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type) distributed on the inner surface of the annular aluminum tube wall, as shown in Fig. 
3.1. The differences in tube-wall temperatures were less than 1°C in most experiments. In 
some experiments, the temperature differences exceeded 1°C slightly, but were less than 
2°C. The heat sink temperature was averaged over the five thermocouple readings to obtain 
a value to determine the radiative flux. To vary the radiative heat flux and explore its effect 
on droplet growth, three heat sink temperatures were used: 265, 255, and 245 K. 
 
 
3.2 Experimental Procedures  
3.2.1 Mist Flow Droplet Size Measurements 
An ultrasonic-piezoelectric mist generator was used to create the water droplet flow, 
and deionized water was used to eliminate any solute effect. Mist from the generator was 
introduced into the flow tube via a flexible plastic duct.  
Table 3.1 shows a matrix of the experimental variables that were used in experiments. 
Three different heat sink temperatures (265, 255, and 245K) and two different mist flow 
temperatures (277 and 286 K) were used. The various temperature differences between the 
mist and heat sink resulted in a range of net radiant fluxes from each droplet to the cooled 
tube wall. Estimates of these heat fluxes, shown in Table 3.1, include the effect of 
transmission loss through the polyethylene and assumed that individual droplets were 
optically thick (opaque), but that the scattering-absorbing medium (mist) was optically thin. 
Flow velocity also was varied using a fan inside the duct that resulted in varying Reynolds 
number (Re) droplet residence times. The values for Re and residence time in Table 3.1 are 
based on the centerline velocity measured at the end of the radiative test section. Because 
the flow in the test section was a hydrodynamically developing laminar flow, these Re values 
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over-estimate the average Re (i.e., Re based on average velocity), and the residence times 
underestimate the centerline residence times. Residence times for droplets traveling near 
the walls clearly would be longer than the values indicated in Table 3.1.  
 
Table 3.1 Experimental parameters  
 Mist flow 
Temperature, Tmist 
(K) 
Radiative sink 
temperature 
(K) 
Radiative 
flux 
W/m2 
Reynolds 
number, 
Re 
Residence 
time 
(sec) 
Radiative 
flux 
variation 
286 
265 124.0 
53 60 255 155.8 
245 184.0 
277 
265 85.1 
53 60 255 116.8 
245 145.0 
Cooling 
time 
Variation 
286 245 184.0 
53 60 
106 30 
212 15 
 
 
3.2.2 Droplet Size Distribution Parameters 
The mist flow droplets measured ranged in size from a few microns to 150 microns. 
It was desirable to represent these distributions mathematically using statistical functions 
and various parameters, as follows: 𝐷𝑣10, 𝐷𝑣50, 𝐷𝑣90: 10, 50, or 90% of the total volume of 
the mist flow liquid water content was composed of droplets with diameters less than this 
value. 
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D43: volume- or mass-weighted diameter. This moment was used to represent mass-
weighted phenomena, such as gravitational settling. It weights each droplet diameter by 
droplet volume and number density, as shown: 
𝐷43 =
∑ 𝐷𝑗
4𝑛𝑗
𝑛
𝑗=1
∑ 𝐷𝑗
3𝑛𝑗
𝑛
𝑗=1
 
(3.2.2.1)
1) 
 
3.2.3 Droplet Size Distribution Functions 
The Malvern optical system provides size distribution information with respect to 
the volume fraction distribution function fv. This function is normalized to unity and can be 
related to the normalized number distribution function fn as follows: 
∫ 𝑓𝑣(𝐷)𝑑𝐷
∞
0
= 1 (3.2.3.2) 
𝑓𝑛(𝐷)𝐷
3𝑑𝐷 = 𝑓𝑣(𝐷)𝑑𝐷 (3.2.3.3) 
The normalized number distribution function is a continuous representation of the discrete 
number density information. As noted above, the volume distribution function is useful for 
mass-weighted phenomena, while for other phenomena, other moments are useful; for 
example, the 32-moment is used for light scattering and absorption by large (geometric 
optics) droplets; i.e., each droplet diameter is weighted by droplet surface area and number 
density. A variety of droplet size distributions were used here, including Lorentzian, 
modified Gaussian, Weibull, and log normal.     
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 3.2.3.1 Lorentzian Distribution  
All distribution functions use the following parameters: droplet diameters (D), full 
width half-maximum (FWHM), and maximum volume fraction (𝑓𝑣𝑒𝑥𝑝,𝑚𝑎𝑥) [55]. In addition, 
the Lorentzian distribution uses the following parameters, as suggested by Johnson and 
Balakrishnan [56]: aL and bL.    
𝑓𝑣(𝐷) =
𝑎𝐿
1 + (
𝐷 − 𝐷0_𝐿
𝑏𝐿
)
2
 
 
(3.2.3.4) 
𝑎𝐿 = 𝑓𝑣𝑒𝑥𝑝,𝑚𝑎𝑥 (3.2.3.5) 
𝑏𝐿 =
𝐹𝑊𝐻𝑀(𝐷, |𝑓𝑣|)
2.2
 (3.2.3.6) 
𝐷0_𝐿 = 𝐷𝑓𝑣𝑒𝑥𝑝,𝑚𝑎𝑥  (3.2.3.7) 
 
 
3.2.3.2 Gaussian Distribution 
The Gaussian distribution has been used widely to analyze droplet sizes, and other 
cloud variables, including some conserved properties [57]. In addition to the previous 
parameters, a constant parameter, 𝑐𝑀𝐺 , was used [55].   
 
𝑓𝑣(𝐷) = 𝑎𝑀𝐺𝑒
−0.5(
|𝐷−𝐷0__𝑀𝐺|
𝑏𝑀𝐺
)
𝑐𝑀𝐺
 
(3.2.3.8) 
𝑎𝑀𝐺 = 𝑓𝑣𝑒𝑥𝑝,𝑚𝑎𝑥 (3.2.3.9) 
𝑏𝑀𝐺 =
𝐹𝑊𝐻𝑀(𝐷, |𝑓𝑣|)
2.2
 (3.2.3.10) 
𝑐𝑀𝐺 = 1.5 (3.2.3.11) 
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𝐷0_𝑀𝐺 = 𝐷𝑓𝑣𝑒𝑥𝑝,𝑚𝑎𝑥  (3.2.3.12) 
 
3.2.3.3 Weibull Distribution  
The Weibull has been used for cloud droplet size distributions and other fluctuating 
microphysical properties of clouds that result from a large number of random events 
associated with heat transfer and cloud dynamics [58].   
𝑓𝑣(𝐷) = 𝑎𝑊 (
𝑐𝑊 − 1
𝑐𝑊
)
1−𝑐𝑊
𝑐𝑊
[
𝐷 − 𝐷0_𝑊
𝑏𝑊
+ (
𝑐𝑊 − 1
𝑐𝑊
)
1
𝑐𝑊
]
𝑐𝑊−1
𝑒
− [
|𝐷−𝐷0_𝑊|
𝑏𝑊
+(
𝑐𝑊−1
𝑐𝑊
)
1
𝑐𝑊]
𝑐𝑊
+
𝑐𝑊 − 1
𝑐𝑊
 
(3.2.3.13) 
𝑎𝑊 = 𝑓𝑣𝑒𝑥𝑝,𝑚𝑎𝑥 (3.2.3.14) 
𝑏𝑊 =
𝐹𝑊𝐻𝑀(𝐷, |𝑓𝑣|)
2.2
 (3.2.3.15) 
𝑐𝑊 = 1.5 (3.2.3.16) 
𝐷0_𝑊 = 𝐷𝑓𝑣𝑒𝑥𝑝,𝑚𝑎𝑥  (3.2.3.17) 
 
 
 
3.2.3.4 Log Normal Distribution  
Mist flow droplet sizes also can be represented by the log normal distribution [56]. 
Frisch et al. used the log normal distribution to deduce cloud droplet properties in stratus 
clouds [59]. In addition to the parameters above, the volume fraction in the limit of zero 
diameter was used (𝑓𝑣_0). 
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𝑓𝑣(𝐷) = 𝑓𝑣_0 + 𝑎𝐿𝑁𝑒
−0.5[
ln(
𝐷
𝐷0_𝐿𝑁
)
𝑏𝐿𝑁
]
2
 
(3.2.3.18) 
𝑎𝐿𝑁 = 𝑓𝑣𝑒𝑥𝑝,𝑚𝑎𝑥 − 𝑓𝑣_0 (3.2.3.19) 
𝑏𝐿𝑁 =
𝐹𝑊𝐻𝑀(ln 𝐷 , |𝑓𝑣 − 𝑓𝑣_0|)
2.2
 (3.2.3.20) 
𝑓𝑣_0 = 𝑓𝑣𝑒𝑥𝑝,𝐷=0 (3.2.3.21) 
 
3.3 Results and Discussion 
3.3.1 Multiple Scattering Effect on Droplet Measurements  
The optical thickness of droplet media and multiple scattering by optically thick 
media is an issue of concern for optical analyzers. The Malvern Spraytec analyzer reportedly 
is able to retrieve droplet distributions for optically thick conditions with transmission as 
low as 5%. The software includes a patented correction algorithm to address the multiple 
scattering effect. Experimental measurements were made at transmissions ranging from 
10% to 50% for mist water droplets generated by a humidifier and were compared with 
measurements from optically thin, single-scattering conditions to verify the effectiveness of 
the multiple scattering algorithm. Water mass flux of mist flow also was varied from 0.0001 
to 0.00045 kg/m2s to verify that flow velocity had no effect on retrieved size in the presence 
of multiple scattering. The effect of multiple scattering on retrieved diameter is shown in Fig. 
3.3 with varying transmissivities and in Fig. 3.4 with varying mist flow mass flux values.  In 
both cases, the same sets of droplet distribution parameters (Dv10, Dv50, Dv90, and D43) were 
used to illustrate the multiple scattering effect.  Average volume droplet diameter values, 
and Dv10 and Dv50 droplet diameters were approximately constant at different transmissivity 
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and mass flux conditions. The parameter Dv90 showed the greatest deviation from the mean 
Dv90 diameter and was approximately 3% below the mean at 13% transmission. Similarly, 
for the mass flux experiments, Dv90 showed small deviations from the mean at a mass flux 
value of 0.00037 kg/m2s. These results demonstrated that the Malvern multiple scattering 
algorithm was effective and for subsequent experiments, the multiple scattering option was 
used during experimental measurements.   
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Fig. 3.3 Mist flow droplet parameters: multiple scattering transmission effect 
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Fig. 3.4 Mist flow droplet parameters: multiple scattering liquid water mass flux effect 
 
3.3.2 Droplet Distribution Spectra 
3.3.2.1 Mist Droplet Distribution before Cooling 
A typical measured size distribution of droplets produced by the mist generator is 
shown in Fig. 3.5. Size parameters ranged from Dv10 = 0.52 m to Dv90 = 8.26 m with a 
volume-mean droplet diameter of D43 = 2.3 m. There was a prominent, broad primary peak 
between 2 and 3 µm in diameter and a narrow secondary peak less than 1 mm. Three 
different distribution functions, the Weibull, Gaussian, and Lorentzian, were fit to the 
multimode peak of the experimental data. The Lorentzian distribution fit best with a volume-
mean droplet diameter of D43 = 2.23 μm.   
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Fig. 3.5 Droplet size distribution from mist generator; Dv10=0.52μm, Dv50=2.8μm, 
Dv90=8.26μm, and D43=2.3μm 
 
3.3.2.2 Droplet Distribution after Convective and Radiative Cooling 
Figure 3.6 shows a typical droplet distribution after the mist flow passed through the 
pre-cooling section. The conditions shown in Fig. 3.6 were a mist temperature of 277K, wall 
(sink) temperature of 245K, and Re = 53 (centerline (minimum) residence time in the pre-
cooling section of t = 60 s). Size distribution parameters ranged from Dv10 = 0.86 µm to Dv90 
= 131 µm, with a volume-average diameter of D43 = 29 µm. Cooling (primarily convective 
wall cooling) increased supersaturation near the cooled wall, which induced condensative 
droplet growth near the wall. This resulted in the appearance of a large droplet size mode 
beginning at approximately 20 µm and peaking above 100 µm. The original bimodal mist 
distribution below 10 µm did not change greatly, as shown in Fig. 3.6, except for evaporative 
reduction of the narrow component below 1 µm.  
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Figure 3.7 shows a typical droplet size distribution after the mist flow passed through 
the radiative cooling section with the same parameters as in Fig. 3.6, except that convective 
wall cooling was essentially eliminated, leaving only radiative cooling. After radiative 
cooling, the droplets had a size distribution with parameters that ranged from Dv10 = 1 µm 
to Dv90 = 139 µm, and a D43 mean diameter of 38 µm. In addition to the general increase in 
size parameters, what is most striking about the distribution in Fig. 3.7 is the second peak in 
the large-size mode that appears at approximately 70-80 µm and is not present in Fig. 3.6. 
This peak was believed to be attributable to the effect of radiative heat loss from droplets 
that were 4-5 times smaller in Fig. 3.6.  
Both convectively and radiatively cooled mist flows exhibited multi-modal droplet 
size distributions, as shown in Figs. 3.6 and 3.7. The smaller size regime, below 20 µm 
(Dist_1), which was that of the original mist generator droplets, maintained its own, original 
bimodal character, while the larger size regime, above 20 m (Dist_2), which increased by 
condensation, was essentially monomodal for the convectively cooled mist, but distinctly 
bimodal for the radiatively cooled mist. As a mathematical exercise, the monomodal analytic 
distribution functions noted above were fit to the experimental size distributions in two 
steps. Each distribution function was fit to the smaller distribution (Dist_1) below 20 µm and 
to the larger distribution (Dist_2) above 20 µm. The combined volume-mean diameters for 
the various analytic distributions are as follows. For the mist flow that was convectively 
cooled only (precooling section), the lognormal, Gaussian, and Lorentzian D43 values were 
27.1 m, 29.14 m, and 28.4 m, respectively. Although all three distributions matched the 
mean diameter value measured fairly closely (D43 = 29.08 m), the Gaussian distribution 
provided the closest approximation. For the radiatively cooled (test section) mist flow, the 
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Gaussian and Lorentzian D43 values were 37.85 µm and 36.8 µm, respectively. The lognormal 
value was not computed, as the Gaussian distribution approximated the experimental 
volume-mean diameter (38 m) best. Experimental results for other conditions (Tr =265K 
and 255K for t=60s and Tr=245 for t=30s and 15s) can be found in Appendix E. 
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Fig. 3.6 Droplet size distribution after convective precooling with Tr =245 K, 
Tmist =277 K and Re = 53; Dv10=.86 μm, Dv50=5.5 μm, Dv90=130.9μm, and 
D43=29.08 μm 
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Fig. 3.7 Droplet size distribution after radiative cooling with Tr =245 K, 
Tmist =277 K and Re = 53; Dv10=1 μm, Dv50=6.6 μm, Dv90=139.4 μm, and 
D43=38μm 
 
3.3.3 Effect of Radiation Flux on Droplet Growth 
Figure 3.8 shows the experimental volume-mean droplet diameters measured at the 
end of the radiative cooling section as a function of the radiative cooling heat flux. Radiative 
flux was varied by varying the temperature difference between the mist and tube wall (sink). 
Experiments were conducted at two mist flow temperatures (277 and 286 K) and three sink 
temperatures (245, 255, and 265 K). This provided three different radiative flux values for a 
given mist temperature. Table 3.2 shows the numerical values for the data in Fig. 3.8. In the 
data shown in Fig. 3.8 and Table 3.2, an attempt was made to hold the Reynold’s number 
constant to ensure approximately the same mean residence time for droplet growth for each 
experimental run. The results in Fig. 3.8 show that the mean droplet diameter increased with 
Dist_1 
Dist_2 
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increasing radiative flux values; however, droplet sizes also depended on the diameter of the 
initial pre-cooled droplets, which were smaller at 286 K.  
From a theoretical perspective, various driving forces and parameters, including 
supersaturation, radiation, curvature (surface tension or Kelvin effect), and solute 
concentration (Raoult’s law effect) influence the evolution of droplet size. As explained in a 
previous section, curvature and solute effects are negligible compared with supersaturation 
and radiation for sizes that exceed 20 µm. Hence, the mist flow droplet growth is determined 
by the sometimes competing, sometimes complementary, effects of supersaturation and 
radiation. It has been shown theoretically that a radiative flux of approximately 50 W/m2 has 
an effect equivalent to a change in supersaturation of 0.1% [6]. In these experiments, 
radiative flux ranged from 85 to 185 W/m2.  Detailed theoretical study of the experimental 
conditions has been conducted in Chapter 5 and it confirms that these fluxes are able to 
induce the magnitude of droplet growth that was observed.  In subsequent figures and tables, 
data for the mist flow condition of 286 K are discussed further. 
 
Table 3.2 Droplet parameters for radiation flux variation 
Mist flow 
Temperature, Tmist 
(K) 
Radiative 
flux 
W/m2 
D43 
m 
Reynolds 
Number 
286 
 
0 24.3±3.0 52.1 
125.8±1.1 29.3±1.9 51.0 
156.6±1.0 30.1±2.3 53.2 
185.2±1.3 34.3±2.4 49.9 
277 
0 29.4±1.5 54.2 
85.2±1.5 34.7±1.6 53.4 
116.9±1.2 37.5±2.5 53.8 
145.4±0.9 39.2±2.9 51.9 
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Fig. 3.8 Volume average droplet sizes with varying radiative flux. 
 
Various parameters that characterized the droplet size distribution for a mist 
temperature of 286 K are summarized in Table 3.3 and Fig. 3.9. The radiative flux varied, 
while the liquid water content (LWC) was relatively constant at Re = 53. Figure 3.9 shows a 
clear increase in all droplet size parameters (i.e., Dv10, Dv50, Dv90) as the radiative flux 
increased. Table 3.3 shows the numerical values of the parameters in Fig. 3.9, as well as the 
average volumetric droplet sizes (D43) for distributions 1 and 2. Distribution 2 showed a 
higher D43 growth rate than did distribution 1. This different growth pattern can be explained 
using several parameters. In distribution 1, droplets were less than 20 µm and the radiation 
effect was not prominent because of the lower absorption efficiency values at that lower size 
limit. The primary factor in droplet growth for distribution 1 was diffusion/conduction. In 
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contrast, for distribution 2, radiation became the dominant growth factor because the 
absorption efficiency of larger droplets reached its maximum value.  
 
Table 3.3 Drop size distribution parameters for 𝑇𝑚𝑖𝑠𝑡 = 286 𝐾 
Radiative 
flux 
LWC Dist_1 
D43 
m 
Dist_2 
D43 
m 
D43 Dv10 Dv50 Dv90 
W/m2 kg/m3 m m m m 
0 0.083 3.4±0.8 77.8±5.5 24.3±3.0 .45±.1 2.9±2.6 81.3±1.5 
125.8±1.1 0.087 3.8±0.8 80.7±7.3 29.3±1.9 .55±.1 6.4±3.1 82.7±1.34 
156.6±1.0 0.092 4.4±0.7 81.6±2.9 30.1±2.3 .54±.1 6.3±2.9 83±.4 
185.2±1.3 0.090 5.2±0.2 89.3±10 34.3±2.4 1.2±.5 7.1±2.3 96±16.5 
 
 
 
Fig. 3.9 Dv10, Dv50, Dv90, and D43 droplet sizes with varying radiative flux for Re = 53 
and 𝑇𝑚𝑖𝑠𝑡 = 286 K 
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Measured and fit values of the volume-average droplet diameters, D43, were 
compared between the different distribution functions (e.g. Weibull, Gaussian, and 
Lorentzian), as shown in Fig. 3.10 and Table 3.4, and the Gaussian distribution appeared to 
fit the experimental data best.  
 
0 125 157 185
D
ro
p
le
t 
D
ia
m
et
er
 (

m
)
15
20
25
30
35
40
Experimental
Gassian
Weibull
Lorentzian
Radiative Flux (W/m2)  
Fig. 3.10 Volume average droplet sizes for different distribution 
functions with varying radiative flux for Re = 53 and 𝑇𝑚𝑖𝑠𝑡 = 286 𝐾 
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Table 3.4 D43 for different distribution functions with varying 
radiative flux for Re = 53 and 𝑇𝑚𝑖𝑠𝑡 = 286 𝐾 
Heat flux,  Gaussian Distribution Weibull Lorentzian 
W/m2  D43, m 
Dist_1 
D43, m 
Dist_2 
D43, m 
D43, m D43, m 
0  24.7±1.9 3.89±.6 75.7±5.0 25.4±1.8 25.20±1.4 
125.8±1.1  28.1±4.2 4.03±.4 79.2±3.3 26.9±3.1 27.8±2.8 
156.6±1.0  29.0±1.9 4.70±.9  82.3±3.7 28.3±0.8 28.8±1.4 
185.2±1.3  33.5±3.5 5.02±.8 86.4±3.8 33.2±3.7 32.7±4.3 
 
 
3.3.4 Effect of Radiation Cooling Time on Droplet Growth 
The effect of cooling time on droplet mean diameter, D43, measured at the exit of the 
radiative cooling section is shown in Fig. 3.11. Cooling time refers to residence time 
calculated using the centerline velocity at the exit of the developing laminar flow, and 
therefore underestimates the actual residence time in the radiative section at the centerline 
due to acceleration of the core flow. Travel time through the radiative test chamber 
obviously has a strong effect on droplet growth. As Fig. 3.11 shows, droplet growth can be 
interpreted as linearly dependent on residence time. However, the residence time was 
measured based on centerline velocity and without a true residence time, it is difficult to 
estimate the degree to which the data are linear. By assuming a constant supersaturation 
value for the mist flow, the solution of the quasi-steady droplet growth equation (neglecting 
curvature and solute effect) showed that radiation was related linearly with droplet growth. 
In the absence of radiation, droplet growth via condensation will be parabolic when the 
supersaturation value is positive. In contrast, in the absence of radiation, droplet size will 
shrink by evaporation for negative supersaturation values (i.e., subsaturation). Whether the 
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mist environment is slightly supersaturated or slightly subsaturated, a strong radiative flux 
(~184 W/m2) can increase the droplet diameter from 29 to 37 µm in 60 seconds.   
Table 3.5 and Fig. 3.12 summarize the droplet parameters, Dv10, Dv50, Dv90, and D43, for 
Tmist = 286 and Tr = 245 K (constant radiative flux). The cooling time varied, while the liquid 
water content (LWC) were relatively constant at Tr = 245 K. Table 3.4 shows that Dv50 and 
Dv90 exhibited a noticeable change (increase) with cooling time, while Dv10 did not show a 
similar growth pattern. One reason for this could be that the growth-neutral size regime, 
where dD2/dt ~ 0 (according to Köhler theory), was in the range less than 10 µm, i.e., the 
original mist droplets. Thus, just from the perspective of intrinsic droplet stability, the 
original mist distribution would not be expected to change much. The droplets’ absorption 
efficiency feeds into and influences Köhler theory when radiation is included. In the diameter 
range from 1 to 20 µm, droplet absorption efficiency increased from nearly zero to one. 
Smaller droplets (< 10 µm) had an absorption efficiency significantly less than one, and 
droplet growth induced by radiation occurred in the larger droplets (> 20 µm). Therefore, 
the statistics that represent the larger droplets exhibited the greatest growth with cooling 
time.   
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Fig. 3.11 Volume average droplet sizes with varying cooling time for Tr = 245 K and Tmist= 
286 K 
 
Fig. 3.12 Dv10, Dv50, Dv90, and D43 droplet sizes with varying cooling time for Tr = 245 K and 
Tmist= 286 K 
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Table 3.5 Drop size distribution parameters with varying cooling time for Tr 
= 245 K and Tmist= 286 K 
Cooling time  
sec 
LWC D43 Dv10 Dv50 Dv90 
kg/m3 m m m m 
0 0.091 28.3±1.6 .91±.4 4.1±2.0 137.9±4.3 
15 0.094 30.8±0.6 1.1±.5 5.1±2.4 144.1±1.7 
30 0.097 33.7±2.7 1.2±.5 5.8±.45 144.9±4.9 
60 0.096 35.1±1.7 0.9±.3 5.5±.69 145.7±1.5 
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CHAPTER 4: THEORETICAL ANALYSIS: MONODISPERSED DROPLETS 
 
 
Mist flow with monodispersed droplets was investigated theoretically for a wide 
range of radiative intensities and mist flow rates. In this chapter, droplets were assumed 
spatially isothermal because of their low air-to-liquid water thermal conductivity ratio. 
Further, the transient droplet energy equation was simplified by approximating the mist 
flow quasi-steady (QS) as the residual time is much higher than the characteristic thermal 
time constant. Theoretical analysis was conducted for a QS mono-modal droplet to explore 
the detailed thermophysical characteristics of the mist flow using the EES program. Different 
initial droplet diameters were used to explore droplet evolution at different radiative sink 
temperatures and mist flow rates. 
 
4.1  Transient Droplet Equations 
Figure 4.1 shows a water droplet in mist flow or near the edge of a cloud at Tp losing 
heat by radiation to a remote cold boundary at Tr (<Tp). Droplet advection (velocity slip) is 
neglected, i.e., reduces to conduction with the surrounding vapor at Tmist, which is very close 
to Tp. The sign sense of radiation is taken to be positive inward and negative outward, so the 
net radiant flux leaving the droplet is -𝑞𝑟
" . Thus, radiation and conduction are the two 
principal thermal driving forces on a QS droplet.    
As is typical, the droplet is assumed to be spatially isothermal primarily because of 
the low gas-to-liquid thermal conductivity ratio (k/kl<<1). The fact that radiation does not 
alter this assumption is discussed elsewhere [6]. Isothermal and unsteady droplet mass and 
energy balances are given by Eqs. 4.1.1 and 4.1.2. 
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𝑑𝑚𝑝
𝑑𝑡
= −𝑚𝑝̇  (4.1.1) 
 𝑚𝑝𝐶
𝑑𝑇𝑝
𝑑𝑡
= −ℎ𝑓𝑔𝑚𝑝̇ + 𝜋𝐷𝑃
2 (
2𝑘
𝐷𝑃
) (𝑇𝑚𝑖𝑠𝑡 − 𝑇𝑝) + 𝑄𝑎𝜋𝐷𝑃
2𝑞𝑟
"  (4.1.2) 
 
 
 
 
 
 
 
 
 
Fig.  4.1 Schematic of droplet illustrating QS heat balance between vapor-droplet 
conduction (Tmist and Tp) and droplet-remote environmental radiation (Tp and Tr). 
 
 
The last term in the energy equation represents radiative heat transfer. The radiative 
flux 𝑞𝑟
" , is the actinic flux, or incident flux minus the blackbody hemispherical flux based on 
Tp. The droplet effective absorption/emission efficiency, 𝑄𝑎, includes the contributions of 
both surface and volumetric absorption. Under conditions of low water-mass transfer rate 
(diffusion-dominated/dilute), the mass flux at the vapor-liquid interface can be expressed 
as:   
 ?̇?𝑃
′′ =
2𝜌𝐷𝑤
𝐷𝑃
𝑙𝑛(1 + 𝐵𝑚) ≈
2𝜌𝐷𝑤
𝐷𝑃
𝐵𝑚 =
2𝜌𝐷𝑤
𝐷𝑃
𝑚1,𝑃 − 𝑚1,𝑚𝑖𝑠𝑡
1 − 𝑚1,𝑃
 (4.1.3) 
 
Under these conditions, the water vapor mass fraction at the droplet surface is very low 
(𝑚1,𝑃 ≪ 1). With this approximation, the mass flux can be rewritten as:  
Tmist 
-𝑞𝑟
"  
TP 
DP 
Tr 
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 ?̇?𝑃
′′ =
2𝜌𝐷𝑤
𝐷𝑃
(𝑚1,𝑃 − 𝑚1,𝑚𝑖𝑠𝑡) (4.1.4) 
 
4.2  Quasi-steady (QS) Droplet Equations 
The transient droplet energy equation can be approximated as QS when the process 
time is much greater than is the characteristic thermal time constant. The thermal time 
constant is a measure of the ratio of the storage and conduction terms in the energy equation, 
which can be stated as: 
 𝜏 =
𝜌𝑙𝐶𝐷𝑃
2
12𝑘
 (4.2.1) 
We are interested in the droplet size range from 20 m to 80 m, nominally, for which 
the corresponding time constant values are 5.4 ms to 86.2 ms. Assuming that the 
characteristic times of the fluid mechanical events important in cloud micro-physics are 
much greater than this (in our experiments, the process time is on the order of seconds), the 
QS approximation can be taken for the droplet energy equation. With the QS approximation, 
the droplet energy balance becomes:  
 ∆𝑇 = 𝑇𝑝 − 𝑇∞ =
𝐷𝑃
2𝑘
(𝑄𝑎𝑞𝑟 −
ℎ𝑓𝑔𝑚𝑝̇
𝜋𝐷𝑃
2 ) (4.2.2) 
Combining the mass equation 4.1.1 and the energy equation 4.2.2, the combined droplet 
energy/mass equation becomes:  
 𝐷𝑃
𝑑𝐷𝑃
𝑑𝑡
=
4𝑘
𝜌𝑙ℎ𝑓𝑔
(∆𝑇 −
𝑄𝑎𝑞𝑟𝐷𝑃
2𝑘
) (4.2.3) 
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Using Taylor series expansions in the mass and energy balance equations (Eqs. 4.1.3, 
and 4.2.2-4.2.3), and including the vapor pressure, the following explicit relations can be 
obtained for droplet size and temperature with the assumption of small supersaturation 
values. The details of the deductions can be found in the following references [5], [6], [43].  
 𝑑𝐷𝑃
2
𝑑𝑡
=
Υ (s − ξ𝐷𝑃 −
𝐷𝑐
𝐷𝑃
⁄ )
Λ + Ω
 (4.2.4) 
 
∆𝑇 =
s + ξ𝐷𝑃
Ω
Λ −
𝐷𝑐
𝐷𝑃
Λ + Ω
 (4.2.5) 
where Λ =
ℎ𝑓𝑔
𝑅𝑤𝑇𝑚𝑖𝑠𝑡
2 ;   Ω =
𝑘𝑅𝑤𝑇𝑚𝑖𝑠𝑡
𝐷𝑤ℎ𝑓𝑔𝑃𝑠,𝑚𝑖𝑠𝑡
=
1.61𝑃𝐶𝑃
ℎ𝑓𝑔𝑃𝑠,𝑚𝑖𝑠𝑡𝐿𝑒
  (4.2.6) 
 Υ =
8𝑘
𝜌𝑙ℎ𝑓𝑔
;   ξ =
𝑄𝑎𝑞𝑟Λ
2𝑘
  (4.2.7) 
 𝐷𝑐 =
4𝜎
𝑅𝑤𝑇𝑚𝑖𝑠𝑡𝜌𝑙ln (𝑠 + 1)
 (4.2.8) 
 
 
 
4.3  Radiative Properties and Fluxes 
The rate of radiative energy absorbed by a droplet is shown in Eq. 4.3.1 [5] .  
 𝑄𝑎(𝐷𝑃)𝑞𝑟(𝐷𝑃, 𝜆) = ∫ 𝑄𝑎(𝐷𝑃, 𝜆) [
1
2
{𝐹+(𝜆) + 𝐹−(𝜆)} − 𝜋𝐵(𝑇𝑝, 𝜆)] 𝑑𝜆 (4.3.1) 
The effective absorption efficiency might have both volumetric and surface contributions:  
 𝑄𝑎 = 𝑄𝑎,𝑠 + 𝑄𝑎,𝑣 (4.3.2) 
Surface absorption efficiency can be significant because of multiple surface 
contributions for smaller droplet sizes (OT<<1). For larger droplets, when the optical 
thickness is greater than 1, the surface absorption coefficient becomes neglegible and the 
volumetric contribution becomes the dominant part of the absorption efficiency.     
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Absorption efficiency was assumed to be a simple function of droplet size, as shown 
in Eq. 4.3.3 [5].  
 𝑄𝑎(𝐷𝑃) = 𝑄𝑎(𝐷𝑃)𝑚𝑎𝑥[1 − exp (−𝛽𝐷𝑃)] (4.3.3) 
Where 𝛽 was assumed to be 0.14 m-1. Figure 4.2 shows the plot of absorption efficiency 
using Eq. 4.3.3.  
 
Fig. 4.2 Absorption efficiency suggested by Roach [5]. 
 
4.4  Effect of radiation on  droplet temperature, ∆𝑇 
Based on Eq. 4.2.5, Figure 4.3 shows the values of the temperature difference (∆𝑇 =
𝑇𝑝 − 𝑇𝑚𝑖𝑠𝑡) calculated between cloud droplets and surrounding air, with and without 
radiation included, for supersaturations covering the range observed in clouds 
(supersaturation in stable clouds typically is less than a fraction of a percent except in 
convective clouds with strong vertical motions). The parameters assumed are droplet size 
of 30 m, and absorption efficiency of 1.12, and the view factor to environment is 1. As Fig. 
4.3 shows, this temperature difference is very small, on the order of 10-2 K. This very small 
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temperature, ∆𝑇 = 𝑇𝑝 − 𝑇𝑚𝑖𝑠𝑡  , is part of the reason why thermal radiation often is neglected 
in cloud micro-physical models. However, the effect of radiation on this small temperature 
difference is still significant, as Fig. 4.3 shows. Therefore, radiation can be an important 
factor in cloud droplet growth. 
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Fig. 4.3 Radiation effect on temperature difference between droplet and moist air, ∆𝑇 =
𝑇𝑝 − 𝑇𝑚𝑖𝑠𝑡, neglecting solute and curvature effects for droplet diameter 30 m 
  
4.5  Theoretical Droplet Size History – Effect of Radiation 
To illustrate the effect of radiation on droplet growth, the analysis outlined above can 
be simplified further by neglecting curvature and dropping the Dc term in Eq. 4.2.4. The effect 
of curvature can be neglected when 𝐷𝑐 𝐷𝑃⁄ ≪ 𝑠 and 𝐷𝑐 𝐷𝑃⁄ ≪ ξ 𝐷𝑝. For our present 
estimates, the curvature effect can be neglected because droplets are assumed to be larger 
than 22 m. 
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Analytical solutions for Dp(t) can be obtained if constant environmental properties 
are assumed (s, T=Tmist, P, and qr), which results in constant parameters 
𝜉(𝑇, 𝑞𝑟)and Ω (T, P). For small droplet diameters (𝐷𝑃<10m), the radiation term, 
, is a strong function of diameter because of varying volumetric absorption efficiency 𝐷𝑃. 
However, because we are interested in the effect of radiation at larger diameters (𝐷𝑃>20m), 
the -term can be assumed constant. By neglecting the curvature term in Eq. 4.2.4, the 
general solution is:   
 ξ(𝐷𝑃 − 𝐷𝑃0) + 𝑠𝑙𝑛|𝑠 − ξ𝐷𝑃| = 𝑠𝑙𝑛|𝑠 − ξ𝐷𝑃0| −
Υξ2t
2(Λ + Ω)
 (4.5.1) 
The effect of conduction can be isolated by neglecting radiation (as well as curvature and 
solute) to give: 
 𝑑𝐷𝑃
2
𝑑𝑡
=
Υs
Λ + Ω
;   𝐷𝑃
2 = 𝐷𝑃0
2 +
Υs
Λ + Ω
𝑡 (4.5.2) 
When conduction is negligible and radiation is the only factor determining droplet growth, 
the intergral is: 
 𝑑𝐷𝑃
2
𝑑𝑡
=
−Υξ𝐷𝑃
Λ + Ω
;    𝐷𝑃 = 𝐷𝑃0 −
Υξ
2(Λ + Ω)
𝑡   (4.5.3) 
Figure 4.4 shows sample results of droplet size history with a radiative sink of 𝑞𝑟
" = -
144 W/m2. This value was chosen because it represents the highest estimated magnitude of 
radiative flux in the mist flow experiments, which corresponds to 𝑇𝑟 = 245 K . Initial droplet 
size and temperature are assumed to be 30 m and 280 K. Supersaturation is assumed to be 
constant at a small positive value (s=0.1%), which means that droplets would still grow by 
conduction in the absence of radiation. The conduction curve in Fig. 4.4 represents the 
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positive supersaturation effect, which causes droplets to grow at a much slower rate 
compared with the radiation effect for this value of radiant flux, which admittedly is 
relatively high. The radiation curve is calculated when only the radiation term is included in 
the droplet growth equation. When both radiation and conduction effects are included, the 
curve labeled “Conduction+Radiation” is obtained. These results make clear that, depending 
on the magnitude of radiant flux, radiation can augment droplet growth rate significantly 
(reduce growth time to a certain size), even by several fold. In this example, the flux was 
relatively high compared with typical atmospheric conditions (perhaps up to three times 
higher), but even with smaller fluxes, those typical of atmospheric conditions, the effect is 
significant.  
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Fig. 4.4 Comparison of conduction and radiation effects on droplet growth neglecting 
solute and Kelvin effects with 𝑞𝑟
" = -144 W/m2 and s=0.1% 
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4.6  Radiation Modified Köhler Curves 
The analysis above suggests that, under certain environmental conditions, thermal 
radiation could play an important role in determining the equilibrium condition of water 
droplets that are surrounded by vapor. To determine the equilibrium state, the droplet 
growth rate (𝑑𝐷𝑃 𝑑𝑡⁄ ) in Eq. 4.2.4 is set to zero and equilibrium supersaturation is obtained, 
as shown in Eq. 4.6.1. The solution of the equilibrium supersaturation is based on the method 
proposed by Srivastava and Coen [60], who suggested that if we consider up to 2nd order 
terms of ∆𝑇 (∆𝑇 = 𝑇𝑝 − 𝑇𝑚𝑖𝑠𝑡) in the Taylor series expansion of saturated vapor density at 
the water surface, then the droplet equilibrium equation can be improved significantly.  
 
𝑠𝑒𝑞 =
𝐴
𝑅𝑃
−
𝐵
𝑅𝑃
3 +
1
2𝛼
[1 − √1 +
4𝛼𝑅𝑃𝑄𝑎𝑞𝑟
"
𝐶′ℎ𝑓𝑔
] (4.6.1) 
The classical Köhler equation predicts equilibrium supersaturation by accounting for 
the surface tension (Kelvin term) and dissolved solute (Raoult term), as shown in the first 
two terms on the right-hand side of Eq. 4.6.1. Equation 4.6.2 shows the coefficients of A and 
B that correspond to surface tension and dissolved solute. Radiation effects are accounted 
for by introducing the extra term in the classical Köhler equation, as shown on the right-hand 
side of Eq. 4.6.2. The details of the coefficients are explained in the appendix.  
 
𝐴 =
2𝜎
𝑅𝑤𝑇𝑚𝑖𝑠𝑡𝜌𝑤
;  𝐵 =
3𝜈𝑚𝑠𝑀𝑤
4𝜋𝑀𝑠𝜌𝑤
;  𝐶′ =
𝐷𝑤𝜌𝑠
1 + 𝛾
  (4.6.2) 
Figure 4.5 shows an equilibrium supersaturation plot of Eq. 4.6.1 with 𝑞𝑟
"  ranging 
from 0 to ±100 W/m2, and solute assumed to be (NH4)2SO4 with a mass of 1e-16 gram. 
Volumetric absorption efficiency is calculated using Eq. 4.3.3. Without radiation, equilibrium 
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supersaturation approaches asymptotically to a constant value of zero at large droplet sizes. 
Radiative heating increases the equilibrium supersaturation, significantly at large droplet 
sizes. Radiative cooling has the opposite effect of suppressing equilibrium supersaturation. 
When a droplet experiences a supersaturation greater than equilibrium supersaturation, it 
grows by condensation; conversely, a droplet shrinks by evaporation when it experiences a 
supersaturation lower than the equilibrium value. Figure 4.6 shows the effect of different 
aerosol types (ammonium sulfate and sodium chloride) and varying aerosol mass on 
equilibrium supersaturation for radiative cooling. A similar effect on droplet equilibrium is 
exhibited by these two different aerosols, both of which are very hygroscopic.  
  
 
 
Fig. 4.5 Modified Köhler curves with radiative cooling/heating for (NH4)2SO4 with a solute 
mass of 1e-16 gram 
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Fig 4.6 Modified Köhler curves with radiative cooling, 𝑞𝑟
" = -30W/m2, as a function of solute 
mass for (a) NaCl and (b) (NH4)2SO4. 
 
4.7  Effect of Radiation Flux on Droplet Growth 
Figure 4.7 shows the mean droplet sizes calculated for different radiative sink 
temperatures. To simplify the analysis, the radiative sink was assumed to be a perfect 
blackbody. The theoretical QS energy equation was used in the calculation, which accounts 
only for the conduction and radiation effects; curvature and solute effects were not included. 
These assumptions are reasonable when droplet sizes are larger than 20 m. Different initial 
droplet diameters were used as simulation input to explore the effect of diameter variation. 
The results showed a similar growth pattern for all three initial diameters, 22m, 26m, and 
30 m, at different radiative sink temperatures (i.e., different radiation flux). Fig. 4.7 also 
shows that the droplet growth reduced gradually with radiative intensity. Because the 
supersaturation was assumed constant at s=.1%, this curve pattern suggests that the 
radiative effect dominates conduction slightly at lower radiative intensities. 
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Fig. 4.7  Theoretical Monodisperse Droplet Sizes With Varying Radiative Sink Temperature 
(Varying Radiative Flux) For Re = 53 (Residence Time, T = 60 S). 
 
4.8  Effect of Flow Rate (Cooling Time) on Droplet Growth 
Figure 4.8 shows the mean droplet diameters calculated for different mist flow rates 
(different residence times in the radiative cooling section). As in the previous analysis with 
the radiative flux effect, the same sets of assumptions (i.e., blackbody radiative sink, and 
curvature and solute effects are excluded from the analysis) were used to analyze flow rate 
variation. In addition, different initial droplet diameters (22m, 26m, and 30 m) were 
used in this analysis to investigate the effect of size variation. Unlike radiative flux analysis, 
mono-modal mist flow has a linear droplet growth rate at different cooling times. 
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Fig. 4.8 Theoretical monodispersed droplet sizes with varying cooling times for Tr = 245 K. 
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CHAPTER 5: THEORETICAL ANALYSIS: DROPLET SIZE DISTRIBUTION 
 
The mist flow model of polydispersed droplet size spectra was investigated 
theoretically with a wide range of radiative intensities and flow rates, and the effects of 
distributed (volumetric) absorption and conduction on droplet size spectra were studied. 
MATLAB was used to conduct numerical analyses to explore the detailed thermophysical 
characteristics of the mist flow. In simulation inputs, droplet size spectra were defined by 
several small diameter bins (ranges of fixed diameters) that are related to the droplet volume 
fraction. The convection effect in the radiative test zone was excluded by introducing 
polyethylene (PE) annular convective shield-flow tubing, and its effect was included in the 
radiative transfer equation by exploring the emissivity, absorptivity, and transmissivity of 
the PE layer used in the test setup. Computational results of varying radiative intensities and 
mist flow rates were compared with the experimental results presented in Chapter 3.     
 
5.1 Model Description  
5.1.1 Simulation Model  
Figure 5.1 shows a schematic of the test chamber used in the simulation. To analyze 
the effect on droplet growth of varying flow rates, the mist flow was modeled as flowing 
through the test chamber at different Reynolds numbers. An air stream flowed around the 
test chamber in an annular zone at the same initial temperature as the mist flow and reduced 
the rate of convective heat transfer between the test chamber wall (PE tube) and the mist 
flow. PE was chosen as the test chamber wall material because of its superior transmissive 
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property over a wide range of infrared wavelengths. A constant temperature radiative sink 
was located around the annular zone in which the pre-cooled air flowed.  
The pre-cooled air flow rate was maintained to prevent a fully developed thermal air 
flow in the annular zone. Thus, the air flow maintained a thermal entry region or boundary 
layer around the outer perimeter along the test chamber’s length. It was necessary to 
maintain this region inside the annular zone to reduce convective heat transfer from the 
radiative sink to the test chamber wall, and allow radiative heat transfer to be the dominant 
heat loss mechanism from the mist flow to the sink. 
Modeling droplet size evolution in mist flow involves analysis of the complex 
transport processes associated with a two-phase, two-component system. The flow stream 
at any location consists of three mass species, i.e., air, water droplets, and water vapor, in 
which moist air is a mixture of air and water vapor, and water droplets float in the moist air. 
The heat transfer in the mist-air mixture inside the PE tube involves various heat exchange 
paths among the vapor phase, droplets, chamber wall, and radiative sink. The potential heat 
transfer processes involved in the mist flow are: forced convection of the vapor phase to the 
PE tube, droplets’ direct contact heat transfer to the test chamber (droplet impingement), 
interfacial heat transfer between the vapor and droplets, and radiative heat transfer between 
a remote radiative sink and the vapor or droplets. It was assumed that the PE tube and mist 
flow had the same temperature, which leaves only radiative heat transfer between the mist 
flow and the sink. Further, conduction heat transfer also occurs between the water droplet 
and water vapor. Because the thin PE test chamber wall is in thermal equilibrium with the 
mist flow, it prevents all other forms of heat transfer, such as convection and direct contact 
heat transfer between the mist flow and PE tube.   
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Fig. 5.1 Schematic of mist flow heat transfer in a tube 
 
 
5.1.2 Test Chamber Heat Transfer Mechanism 
Figure 5.2 shows the heat transfer mechanisms of a representative water droplet in 
the mist flow. The water droplet temperature is Tp, and it can lose heat by radiation to a 
remote cold boundary, Tr (<Tp). In mist flow, droplet advection via velocity slip is assumed 
to be negligible, and it reduces to conduction with the surrounding vapor at Tmist. Thus, 
radiation and conduction are the two principal thermal driving forces on a quasi-steady (QS) 
droplet. The thin, highly transmissive PE tube layer (thkPE=0.1 mm) can exchange heat with 
the mist, cooled air, and radiative sink. In the PE wall, radiation is exchanged (by absorption 
and emission) with the surroundings, and potentially can cause the wall temperature to 
differ slightly from that of the mist flow, which can introduce a slight contribution on the part 
of convection heat transfer and radiation with droplets from the PE layer to the mist flow. 
To reduce convective and radiative heat transfer, the cooled air temperature needs to differ 
negligibly from the mist flow temperature, which maintains thermal equilibrium between 
the PE layer and the mist flow. 
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Fig. 5.2 Schematic of droplet, radiative sink, and PE layer energy balance 
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5.1.3 Droplet Size and Distribution Parameters  
Mist flow has a size spectrum ranging from several to hundreds of microns. To 
compare the theoretical results with the previous experimental results, a single 
representative droplet diameter, 𝐷43, was used in the analysis of both the radiant flux and 
flow rate variation. Further, theoretical droplet size distribution spectra were analyzed using 
the droplet number, surface area, and volume concentration. These parameters were used 
to investigate the effect of radiant flux on condensational growth for different ranges of 
droplet size spectra.  
Laminar mist flow was discretized radially along a cross section of the PE tube, which 
was a circular conduit. This discretization allowed representation of droplet growth size 
spectra at different radial locations inside the test chamber. Figures 5.3 and 5.4 show 
schematics of the laminar mist flow velocity profile and the associated radial discretization. 
The mist flowed with a laminar velocity profile that had a flow rate proportional to the 
square of the tube’s radius. The profile was divided into 10, thin cylindrical elements using 
equal increments of radius squared to weight the flow area/volume equally. The radiative 
effect on droplet growth was calculated separately at the end of each cylindrical element, as 
mist experiences different travel times in different elements because of its parabolic velocity 
profile. At the inlet of the radiative test tube, mist flow is assumed to have uniform droplets’ 
size distribution for any particular radial element (Fig. 5.4). However, because of the 
boundary layer effect, droplet size distribution from the tube centerline to the boundary wall 
(PE wall) differs for different radial elements. 
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Fig. 5.3   Laminar parabolic velocity profile and radial discretization 
 
 
Fig. 5.4   Radial discretization in cross section 
 
In our analysis, the droplets’ mean diameter was calculated on a volume basis, and 
the mean was used to define the representative diameter of the droplet size distribution. 
Mean volume diameter, 𝐷43 , can be calculated by computing the ratio of the sum of the 
product of the fourth power of 𝐷𝑎𝑣𝑔,𝑖  , and the number of droplets in a bin, divided by the 
sum of the product of the third power of 𝐷𝑎𝑣𝑔,𝑖  , and number of droplets for the same bin, 
Radial Data (r)
0.0 0.5 1.0 1.5 2.0 2.5 3.0
r = 1.00 (r2=1) 
r = 1.41 (r2=2) 
r = 1.73 (r2=3) 
r = 2.00 (r2=4)
r = 2.23 (r2=5) 
r = 2.45 (r2=6) 
r = 2.65 (r2=7) 
r = 2.83 (r2=8)
r = 3.00 (r2=9)
r = 3.16 (r2=10)
. 
1 
2 
10 
. . 
. 
r2 
j 
65 
 
where each bin corresponds to the volume fraction of a particular droplet’s average diameter 
of 𝐷𝑎𝑣𝑔,𝑖.   
𝐷43 =
∑ 𝐷𝑎𝑣𝑔,𝑖
4 𝑛𝑖
𝑛
𝑖=1
∑ 𝐷𝑎𝑣𝑔,𝑖
3 𝑛𝑖
𝑛
𝑖=1
 (5.1.1) 
Here,𝐷𝑎𝑣𝑔,𝑖 is defined as the average individual droplet diameter in the size spectrum for 
bin i, and because mist flow is assumed to be optically thin, it can be defined as follows:   
𝐷𝑎𝑣𝑔,𝑖 =
1
10
∑ 𝐷𝑃𝑖,𝑗
10
𝑗=1
 (5.1.2) 
where 𝐷𝑃𝑖,𝑗  is the droplet diameter for a particular bin, and j represents the discretized 
section of the laminar mist flow.  
The volume fraction is required to compute the droplet number concentration. 
During the simulation, droplet number densities in different radial elements were assumed 
constant with respect to time, and droplet nucleation was assumed to be absent. The volume 
fraction is defined as the ratio of a particular droplet volume divided by the volume of all 
droplets:  
𝑉𝑓𝑖,𝑗 =
𝑉𝑖,𝑗
∑ 𝑉𝑖,𝑗
𝑛
𝑖=1
 (5.1.3) 
𝑉𝑖,𝑗 = 𝑁𝑖,𝑗𝜋𝐷𝑃𝑖,𝑗
3 6⁄  (5.1.4) 
where 𝑉𝑓𝑖,𝑗is the volume fraction of droplets with a diameter that corresponds to bin 𝑖 in a 
radial element, 𝑗, 𝑉𝑖,𝑗 is the volume of the droplets for that particular diameter, and 𝑁𝑖,𝑗 is the 
droplet number concentration. The volume fractions for simulation input were the same as 
the experimental volume fractions of the droplet size spectra at the inlet of the radiatively 
cooled chamber. As the flow progressed, the number of droplets was assumed to be the same 
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and volume fractions were calculated based on the radiatively cooled new droplet size 
spectra at the end of the test chamber tube. 
Droplet number concentration is a quantitative measure of the droplet size spectra 
and can be defined as the number of droplets in the bin (i.e., particular droplet diameter) per 
unit volume (cm3). Further, number concentration is a function of the droplet diameter range 
and can be calculated as: 
𝑁𝑖,𝑗 = 𝑛𝑖,𝑗∆𝐷𝑝𝑖,𝑗 (5.1.5) 
where 𝑁𝑖,𝑗  is the droplet number concentration,  ∆𝐷𝑝𝑖,𝑗 is the diameter size range, and 𝑛𝑖,𝑗  is 
the number concentration normalized by the width of the bin for any radial element, as 
shown in Fig. 5.3. By taking the limit of ∆𝐷𝑝,𝑖,𝑗  goes to zero, the equation 5.1.5 can be written 
as:    
𝑁𝑡 = ∫ 𝑛𝑁(𝐷𝑝)𝑑𝐷𝑝
∞
0
 (5.1.6) 
where 𝑁𝑡 is the total number of particles per cm3, and 𝑛𝑁(𝐷𝑝)𝑑𝐷𝑝 is the number of particles 
per cm3 of air with diameters ranging from 𝐷𝑝 to 𝐷𝑝+𝑑𝐷𝑝.  
The number of particles per cm3 that have a diameter smaller than 𝐷𝑝 can be written as 
follows: 
𝑁 (𝐷𝑝) = ∫ 𝑛𝑁(𝐷𝑝)𝑑𝐷𝑝
𝐷𝑝
0
 (5.1.7) 
The surface area of the droplets per cm3 of air with diameters that range from 0 to 𝐷𝑝 is: 
𝑁𝑠 (𝐷𝑝) = ∫ 𝜋𝐷𝑃
2𝑛𝑁(𝐷𝑝)𝑑𝐷𝑝
𝐷𝑝
0
 (5.1.8) 
Finally, the volume of droplets per cm3 of air with diameters that range from 0 to 𝐷𝑝 is: 
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𝑁𝑉  (𝐷𝑝) = ∫
𝜋
6
𝐷𝑃
3𝑛𝑁(𝐷𝑝)𝑑𝐷𝑝
𝐷𝑝
0
 (5.1.9) 
 
 
5.1.4 Optical Properties of PE Layer 
Electromagnetic theory can predict the total radiative properties (α,ρ,τ) of the PE 
layer if the optical constants, n and k, are known for the range of wavelengths of interest. 
These complex refractive indices are the fundamental optical properties of any dielectric 
material, and their values normally vary with wavelength. Figure 5.5 shows the values of the 
refractive indices of PE for wavelengths of 2-15 microns. This is the relevant wavelength 
range for thermal radiation for temperatures ranging from 240 to 280 K, the minimum and 
maximum temperatures used in the theoretical analysis. The values of the PE’s refractive 
indices (n,k) were obtained from the FreeSnell software database [61], [62], where n values 
are reported as idealized assumed variable and k values are found from experimental data.  
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Fig. 5.5   PE optical constants for infrared wavelengths 
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The first step in computing PE’s total optical properties, (α,ρ,τ), is to evaluate its 
spectral reflectivity, ℜ𝑎𝑣𝑔𝜆 , and spectral transmissivity, 𝒯𝑎𝑣𝑔𝜆. These spectral properties are 
functions of wavelength (𝜆) through the optical constants, (n and k), and can be 
approximated as follows [63]: 
ℜ𝑎𝑣𝑔𝜆 = ℜ12𝑛𝜆
+
(1 − ℜ12𝑛𝜆
)
2
ℜ12𝑛𝜆
𝑇𝜆
2
1 − ℜ12𝑛𝜆
2𝑇𝜆
2
 (5.1.10) 
𝒯𝑎𝑣𝑔𝜆 =
(1 − ℜ12𝑛𝜆
)
2
𝑇𝜆
2
1 − ℜ12𝑛𝜆
2𝑇𝜆
2
 
(5.1.11) 
Here ℜ12𝑛𝜆
 is the interface spectral reflectivity for normal incidence, and 𝑇𝜆 is the internal 
transmittance, which can be calculated according to the following relations [63]: 
ℜ12𝑛𝜆
=
(𝑛𝜆 − 1)
2 + 𝑘𝜆
2
(𝑛𝜆 + 1)2 + 𝑘𝜆
2 (5.1.12) 
𝑇𝜆 = 𝑒
−
4𝜋𝑘𝜆ℎ
𝜆  
(5.1.13) 
Figure 5.6 shows the spectral transmissivity values calculated for the PE layer (i.e., 
the test chamber wall), which was 0.1 mm thick. It is clear in Fig. 5.6 that the transmissivity 
is lowest at three wavelengths (3.4, 6.9, 13.8 m); hence, the amount of radiation absorbed 
from the PE layer takes place at the lowest transmissivity values. 
69 
 
Wavelength (m)
0 2 4 6 8 10 12 14 16
T
r a
n
sm
is
s i
v
it
y
0.0
0.2
0.4
0.6
0.8
1.0
 
 
Fig. 5.6 Spectral transmissivity of a polyethylene layer 0.1 mm thick 
 
Once those spectral optical properties, (ℜ𝑎𝑣𝑔𝜆 , 𝒯𝑎𝑣𝑔𝜆), are explored, the total 
transmissivity, 𝜏𝑃𝐸(𝑇), and reflectivity, 𝜌𝑃𝐸(𝑇), can be computed using the following 
relations:  
𝜏𝑃𝐸(𝑇) = ∫ 𝒯𝑎𝑣𝑔𝜆
(𝑇)𝑑𝑓(𝜆𝑖𝑇)
1
0
 (5.1.14) 
𝜌𝑃𝐸(𝑇) = ∫ ℜ𝑎𝑣𝑔𝜆
(𝑇)𝑑𝑓(𝜆𝑖𝑇)
1
0
 
(5.1.15) 
 
 
where 𝑓(𝜆𝑖𝑇) is a blackbody function that can be defined as a fraction of the hemispherical 
blackbody flux between zero and an arbitrary wavelength, 𝜆𝑖. The blackbody function can 
be defined as: 
𝑓(𝜆𝑖𝑇) = ∑
15 [((𝑚𝑣𝑖 + 3)𝑚𝑣𝑖 + 6)𝑚𝑣𝑖 + 6] 𝑒
−𝑚𝑣𝑖
(𝑚𝜋)4
100
𝑚=1
 (5.1.16) 
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𝑣𝑖 =
𝐶2
𝜆𝑖𝑇
 (5.1.17) 
 
𝐶2 =
ℏ𝑐0
𝑘𝐵
= 14,388 (𝜇𝑚 𝐾) (5.1.18) 
The PE layer is assumed to be a diffuse, non-gray emitter-absorber with the PE 
temperature and radiant sink temperature being similar enough (280 and 240 K) that the 
Planck function does not shift appreciably between them for total emissive versus absorptive 
property evaluation; hence, the total emissivity, 𝜀𝑃𝐸(𝑇), can be written as follows: 
 
𝜀𝑃𝐸(𝑇) = 𝛼(𝑇) = 1 − 𝜏𝑃𝐸(𝑇) − 𝜌𝑃𝐸(𝑇) (5.1.19) 
Table 5.1 lists the values for the total radiative transmissivity, reflectivity, and emissivity of 
the PE layer at 280 K. 
Table 5.1 Radiative properties of PE layer at T=280K  
Parameters Symbol Values 
Total transmissivity  𝜏𝑃𝐸(𝑇) 0.795 
Total reflectivity 𝜌𝑃𝐸(𝑇) 0.087 
Total emissivity 𝜀𝑃𝐸(𝑇) 0.121 
 
 
5.1.5  Droplet Interaction with Test Chamber Wall 
When droplets closer to the chamber wall strike the boundary wall, three kinds of 
interactions can occur, including droplet reflection, break-up, or entrapment on the PE 
boundary wall. The different regimes of droplet interaction depend on the droplet’s 
incoming Weber number of the droplet [64]. The Weber number (We=DPvP2/is defined 
as a liquid droplet’s ratio of kinetic energy to surface tension, and incoming water droplets 
reflect elastically from the test chamber walls when the Weber number value is less than ten. 
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To comply with the experimental study (We<<10), we used the same Weber number for mist 
flow in our analysis. This prevented any possibility of droplet breakup or entrapment on the 
test chamber wall, and therefore, droplets reflected only elastically during any interaction 
with the boundary wall.   
 
5.1.6 Droplet Entrainment 
During laminar mist flow, water droplets were assumed to experience no coalescence 
or fractionation because they were entrained in the flow. Droplet motion in moist air is 
subject to Rayleigh–Taylor instability, as heavier water droplets accelerate in lighter moist 
air. Thus, acceleration is the principal factor that produces the Rayleigh–Taylor instabilities 
evident in mist flow. Droplet entrainment in moist air can be confirmed by analyzing 
Newton’s second law of motion for mist flow: 
 
𝜌𝑙(𝜋𝐷𝑃
3 6⁄ )
𝑑𝑉𝑃/𝑎𝑖𝑟
𝑑𝑡
= −𝐶𝐷
𝜌𝑉𝑃/𝑎𝑖𝑟
2
2
 
𝜋𝐷𝑃
2
4
 (5.1.20) 
 
 
where 𝑉𝑃/𝑎𝑖𝑟 is the velocity of the droplet relative to the moist air, and 𝐶𝐷 is the drag 
coefficient, which was calculated using Carrier’s correlation. Carrier proposed a simple semi-
empirical relation for the drag coefficient that overcomes the limitation on inertia values 
evident in Stoke’s (which neglects the inertia effect) and Oseen’s (which overestimates the 
inertia term) 𝐶𝐷 correlations. Carrier’s proposed drag coefficient relation is shown below 
[43]: 
 
𝐶𝐷 =  
24
𝑅𝑒
(1 + 0.08𝑅𝑒) 
(5.1.21) 
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Substituting the drag coefficient value in Eq. 5.1.20, the droplet motion equation 
becomes: 
 
𝑑𝑉𝑃/𝑎𝑖𝑟
𝑑𝑡
=  −
18𝜇
𝜌𝑙𝐷𝑃
2 𝑉𝑃/𝑎𝑖𝑟 − 1.44
𝜌
𝜌𝑙𝐷𝑃
𝑉𝑃/𝑎𝑖𝑟
2  
(5.1.22) 
 
Integrating the initial value of 𝑉𝑃/𝑎𝑖𝑟 =𝑉0 at 𝑡 = 0 yields the following solution:  
 
𝑉𝑃/𝑎𝑖𝑟(𝑡) =
12.5 𝜇
𝑒
18𝜇𝑡
𝜌𝑙𝐷𝑃
2
 (
12.5 𝜇
𝑉0
+ 𝜌𝐷𝑃) − 𝜌𝐷𝑃
 
(5.1.23) 
 
where 𝑡𝑐 is defined as the time constant for the acceleration process: 
 
𝑡𝑐 =  𝜌𝑙𝐷𝑃
2 18𝜇⁄  (5.1.24) 
 
Figure 5.7 shows the time constant for the droplet acceleration process at different 
droplet diameters, and shows that for diameters up to 150 m (the maximum diameter 
computed in our analysis), the characteristic time constant is very small compared to the 
process time (t>>1 second). This confirms that the droplets entrain in the mist flow within 
<1second of their residence time. However, near the test chamber (PE layer) wall, droplets 
entrainment condition no longer exits due to boundary layer no-slip condition and this 
condition only true for a thin layer adjacent to the PE wall.  
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 Fig. 5.7   The time constant for acceleration process with time 
 
5.1.7 Collision and coalescence effect on droplet distribution   
In the previous section, it was shown that droplets were entrained in the mist flow, 
however near the chamber wall droplets growth is enhanced by collision and coalescence 
due to no slip boundary condition and gravitational settling. In principle, droplet interactions 
are a multibody problem however, in reality it is only the interactions of pairs of droplets 
due to low droplet concentrations in mist flow.  This can be shown by the ratio of the radius 
of the average cloud droplet, Rp to the average distance between droplets, S and liquid water 
content of mist flow, WL (one cm3 of water per cubic meter of air). For typical mist flow liquid 
water content, WL = 30 to 70 cm3 of water per cubic meter of air, Rp/S can be approximated 
as WL1/3~0.03 to 0.04, thus droplets in mist flow are rather disperse and two body droplet 
interaction should dominate for collision and coalescence growth model.  
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 Quantitative evolution of droplet size spectra by collection growth (collision and 
coalescence) can be explored by ‘continuous growth’ model, where same size larger droplets 
are assumed to grow at the same continuous rate. However, the major drawback of this 
model is that it overestimates the time required for the precipitation by ignoring the fact that 
some fraction of larger droplets experience greater than average frequency of collection 
events. ‘Stochastic growth’ model overcomes this problem and can predict the collection 
growth with better accuracy by considering the probabilistic aspect of droplets in the 
collision process.  In literature, ‘Stochastic growth’ model is referred by various designation, 
as the scalar transport equation, the kinetic equation, the collection equation, the stochastic 
coagulation equation, and the stochastic collection equation (SCE); here we will use SCE to 
designate the ‘Stochastic growth’ model. By using SCE, the rate of change of droplets number 
concentration of size 𝑖 in radial element 𝑗 can be predicted by using the following equation.   
 𝑑𝑁𝑖,𝑗
𝑑𝑡
=
1
2
∑ 𝐾𝑖−𝑚,𝑚,𝑗𝑁𝑖−𝑚,𝑗𝑁𝑚,𝑗
𝑖−1
𝑚=1
− 𝑁𝑖,𝑗 ∑ 𝐾𝑖,𝑚,𝑗𝑁𝑚,𝑗
∞
𝑚=1
 (5.1.25) 
Where 𝐾 represents the collection kernel which quantifies the probability of collision 
of size 𝑖 − 𝑚 droplet and size 𝑚 droplet in unit time. The middle term in the SCE equation 
represent the production of droplets of size 𝑚 by the collision of two smaller droplets and 
the last term represents the loss of droplets of size 𝑚 by the collision of droplets of any other 
size. The collection kernel can be calculated by taking into account the axis symmetrical 
geometry of the droplets’ collision in the gravity case as follows: 
 𝐾𝑖,𝑚,𝑗 = 𝜋 (𝑅𝑃𝑖,𝑗 + 𝑅𝑃𝑚,𝑗) 𝐸 (𝑅𝑃𝑖,𝑗, 𝑅𝑃𝑚,𝑗) |𝑉𝑅𝑃𝑖,𝑗 − 𝑉𝑅𝑃𝑚,𝑗| (5.1.26) 
Where, 𝑅𝑃is droplet radius, 𝐸 is collection efficiency and 𝑉𝑅𝑃is the terminal velocity 
of the droplet. The hydrodynamic interaction between droplets are negligible due to large 
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separation distance between the droplets. The terminal velocity of droplets induced by 
gravity can be calculated as follows [65]: 
 
𝑔(1 − 𝜌 𝜌𝑙⁄ ) =
3
8
𝜌
𝜌𝑙
1
𝑅𝑃
𝐶𝐷(𝑅𝑒∞)𝑉𝑅𝑃
2  (5.1.27) 
 
𝑅𝑒∞ =
2𝑅𝑃𝜌𝑉𝑅𝑃
𝜂
 (5.1.28) 
Collection efficiency can be reduced to collision efficiency for smaller droplets size 
spectrum (i.e., largest droplet radius in the spectrum is less than 150 m) when coalescence 
efficiency value is assumed unity [43]. For smaller size droplets (𝑅𝑃 < 150 μm) the surface 
tension forces increase the resistance to droplet deformation and resist the air film drainage 
between interacting droplets, which reduces the probability of coalescence. Since the droplet 
size spectrum for this study are much smaller than the lower limit of coalescence, the 
collection efficiency is assumed as collision efficiency for this study.   
The collision rate in mist flow is controlled by collision efficiencies and subsequently 
it dominates the collection kernel for droplet growth. In literatures, the value of collision 
efficiencies were evaluated through different numerical and laboratory measurements [43]. 
Significant discrepancies were reported for collision efficiencies by different authors, as they 
had used different approaches and each study was conducted to a narrow range of sizes of 
colliding droplets. Recently Pinsky, Khain and Shapro [65] reported the collision efficiency 
values for a wide range of droplet sizes by implementing a unique approach to overcome the 
issues with collision efficiency discrepancies for different size regime. They proposed a 
method which combine the Stoke’s solution, suitable for smaller size droplets (𝑅𝑃 < 30 μm) 
and the solution given by Hamielec and Johnson [66], suitable for larger size droplets 
(40 μm < 𝑅𝑃 < 300 μm). This method was used to calculate collision efficiency values for a 
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wide range of droplet diameters, which allow a smooth transition from one size regime of 
droplet interaction to another. The values of collision efficiencies are showed here in Fig. 5.8 
for some typical droplet sizes and in appendix, detail efficiency values are reported in Tables 
D3-D5 to capture the droplet interaction for all sizes droplet relevant to this study. Figure 
5.8(a) shows the collision efficiency values as function of droplet radii ratio of smaller and 
larger droplets (𝑅𝑃2 𝑅𝑃1⁄ ) for droplet pairs with radii less than 40 μm. Figure 5.8(b) shows 
the collision efficiencies of small water droplets and droplet collectors with radii 
above 40 μm.  These values of collision efficiency were used to calculate the droplet growth 
by using SCE method.  
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Fig. 5.8 Collision efficiencies (a) of small spherical water droplets as a function of drop 
radii ratio (𝑅𝑃2 𝑅𝑃1⁄ ) and of collector drop radius. (b) of small spherical water droplets and 
drop collectors of different size beginning with drops of 40 m radii [65].  
 
To illustrate the effect of the collision on droplet size spectrum evolution SCE of 
collision was solved and the results are showed in Fig. 5.9.  In SCE, the droplets radius ranges 
from 1 to 80 m and water content was chosen to be 11.2 gm/m3 which corresponds to 245 
(a) (b) 
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K sink temperature and 277 K mist temperature. Time step used for the simulation was 0.1 
second. Initial size spectrum of droplets (t=0 second) was represented as a sum of two parts: 
a population of droplets radius less than 10 m and a population of larger mist droplets. 
Figure 5.9 shows smaller mist droplets size spectrum is centered at 2 m, which corresponds 
to the droplet concentration of around 2000 cm-3 and the larger mist droplets is centered at 
40 m with a concentration of around 2 cm-3, typical size spectrum of mist flow experiments. 
The rate of larger droplet size spectrum evolution increases with time slightly at 10 minutes 
in contrast smaller droplets size spectrum doesn’t change that much. Thus, the effect of 
increase of the collision kernel with time does not affect significantly the droplet size 
spectrum development.  
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Fig. 5.9 Droplet size spectra evaluated by SCE to account the collision and coalesces effects 
on droplet growth near the test chamber wall 
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5.2 Governing Equations 
5.2.1 Vapor Phase and Interface Equations 
The vapor phase differential equations for conservation of mass and energy from heat 
and mass transfer texts [1] can be simplified and are shown below using the assumptions of 
the unity Lewis number (i.e., equal water-vapor and air enthalpies and diffusion-dominated 
mass transfer). 
 𝑞𝑐𝑜𝑛𝑣,𝑃𝑗,𝑖 = 𝑁𝑢𝑅
𝑘
𝑅
 (𝑇𝑃𝑗,𝑖 − 𝑇𝑚𝑖𝑠𝑡𝑗) (5.2.1) 
 ?̇?𝑃
′′
𝑗,𝑖
=
2𝜌𝐷𝑤
𝐷𝑃𝑗,𝑖
𝑙𝑛(1 + 𝐵𝑚) ≈
2𝜌𝐷𝑤
𝐷𝑃𝑗,𝑖
𝐵𝑚 =
2𝜌𝐷𝑤
𝐷𝑃𝑗,𝑖
𝑚1,𝑃𝑗,𝑖 − 𝑚1,𝑚𝑖𝑠𝑡𝑗
1 − 𝑚1,𝑃𝑗,𝑖
 (5.2.2) 
Here, j refers to the discretized section of the laminar mist flow described in section 
5.1.3, and i refers to an individual droplet in any discretized section of the size spectrum. 
Under these conditions, the water vapor mass fraction at the droplet surface is very low 
(𝑚1,𝑃 ≪ 1). With this approximation, the mass flux can be rewritten as:   
 ?̇?𝑃
′′
𝑗,𝑖
=
2𝜌𝐷𝑤
𝐷𝑃𝑗,𝑖
(𝑚1,𝑃𝑗,𝑖 − 𝑚1,𝑚𝑖𝑠𝑡𝑗,𝑖) (5.2.3) 
 
The water vapor mass fractions in Eq. 5.2.3 can be calculated using the partial 
pressures of 𝑃1,𝑃𝑗,𝑖  and 𝑃1,𝑚𝑖𝑠𝑡𝑗  for the water droplet and mist environment, respectively. 
𝑃1,𝑚𝑖𝑠𝑡𝑗  is a function of the relative humidity of the mist environment, and 𝑃1,𝑃𝑗,𝑖  is the 
saturation pressure at the droplet temperature assuming thermodynamic equilibrium at the 
droplet surface. Water vapor mass transfer with the droplets at different discretized 
sections, j, can be calculated from the droplets’ mass balance with the surrounding air:  
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 𝜌
𝑑𝑚𝑚𝑖𝑠𝑡𝑗
𝑑𝑡
= ∑ 𝑁𝑗,𝑖 (𝜋𝐷𝑃
2
𝑗,𝑖
) ?̇?𝑃
′′
𝑗,𝑖
𝑛
𝑖=1
 (5.2.4) 
  Mist temperature is assumed to differ slightly between the discretized sections, j, of 
the laminar mist flow, and can be calculated from the energy balance between the droplets 
and surrounding air. The heat transfer coefficient between the droplets and mist-air is 
assumed to be conductive in nature, and thus yields the mist temperatures, as follows:  
𝜌𝐶𝑝
𝑑𝑇𝑚𝑖𝑠𝑡𝑗
𝑑𝑡
= ∑ 𝑁𝑗,𝑖 (𝜋𝐷𝑃
2
𝑗,𝑖
)
2𝑘𝑚𝑖𝑠𝑡
𝐷𝑃𝑗,𝑖
(𝑇𝑃𝑗,𝑖 − 𝑇𝑚𝑖𝑠𝑡𝑗)
𝑖=1 𝑡𝑜 𝑛
 (5.2.5) 
 
 
5.2.2 Water Droplet 
Mist flow droplets are assumed to be spatially isothermal, primarily because of the 
low air-to-liquid thermal conductivity ratio (i.e., k/kl<<1). Isothermal and unsteady droplet 
mass and energy balances are shown below:   
 
𝑑𝑚𝑝𝑖,𝑗
𝑑𝑡
= −𝑚𝑝𝑖,𝑗̇  (5.2.6) 
 𝑚𝑝𝑖,𝑗𝐶
𝑑𝑇𝑃𝑖,𝑗
𝑑𝑡
= −ℎ𝑓𝑔𝑚𝑝𝑖,𝑗̇ + 𝜋𝐷𝑃𝑖,𝑗
2 (
2𝑘
𝐷𝑃𝑗,𝑖
) (𝑇𝑚𝑖𝑠𝑡 − 𝑇𝑝𝑗,𝑗) + 𝑄𝑎𝑖,𝑗𝜋𝐷𝑃𝑖,𝑗
2 𝑞𝑟𝑖,𝑗
"  
(5.2.7) 
            The last term in the energy equation pertains to radiative heat transfer. The radiative 
flux, 𝑞𝑟𝑖,𝑗
" , is the incident flux minus the blackbody hemispherical flux from the sink and the 
reflective and emission fluxes from the PE layer. The sign convention of radiation is taken to 
be inward for positive values, and outward for negative values; hence, the net radiant flux 
leaving the droplet is -𝑞𝑟𝑖,𝑗
" , which can be expressed as follows: 
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 𝑞𝑟𝑖,𝑗
" = 𝑞𝑟,𝑑,𝑖
" − 𝑞𝑃𝐸,𝜌
" − 𝜏𝑃𝐸𝑞𝑟,𝑠𝑖𝑛𝑘
" − 𝑞𝑃𝐸,𝑒𝑚
"
1
+ 𝑞𝑟,𝑑,𝑃𝐸
"  (5.2.8) 
 𝑞𝑟𝑖,𝑗
" = 𝜎(𝑇𝑃𝑖,𝑗
4 − 𝜌𝑃𝐸𝑇𝑃𝑖,𝑗
4 − 𝜏𝑃𝐸𝑇𝑟
4 − 𝜀𝑃𝐸𝑇𝑃𝐸
4 + 𝜀𝑃𝐸𝑇𝑃𝑖,𝑗
4 ) (5.2.9) 
Because the PE layer and water droplets are assumed to be in thermal equilibrium, the last 
two terms of the net radiant flux in Eq. 5.2.9 can be dropped and expressed as follows:   
 𝑞𝑟𝑖,𝑗
" = 𝜎(𝑇𝑃𝑖,𝑗
4 − 𝜌𝑃𝐸𝑇𝑃𝑖,𝑗
4 − 𝜏𝑃𝐸𝑇𝑟
4) (5.2.10) 
The effective droplet absorption/emission efficiency, 𝑄𝑎, includes the contributions 
of both surface and volume. The surface absorption efficiency may be significant because of 
the multiple surface contributions of smaller droplet sizes (Optical thickness <<1). However, 
for larger droplets with an optical thickness greater than 1, the surface absorption coefficient 
becomes neglegible, and the volumetric contribution becomes dominant in absorption 
efficiency. Therefore, the absorption efficiency was assumed to be a simple function of 
droplet size, as shown in Eq. 5.2.11 [5]:  
 𝑄𝑎 (𝐷𝑃𝑖,𝑗) = 𝑄𝑎 (𝐷𝑃𝑖,𝑗)𝑚𝑎𝑥
[1 − exp (−𝛽𝐷𝑃𝑖,𝑗)] (5.2.11) 
where 𝛽 was assumed to be 0.14 m-1. Figure 5.10 shows the plot of absorption efficiency 
using Eq. 5.2.11.  
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Fig 5.10 Absorption efficiency suggested by Roach [5] 
The transient droplet energy equation can be approximated as quasi-steady when 
the process time is much greater than the characteristic thermal time constant. The thermal 
time constant is the ratio of storage and conduction terms in the energy equation, and can 
be stated as: 
 𝜏 =
𝜌𝑙𝐶𝐷𝑃
2
𝑖,𝑗
12𝑘
 (5.2.12) 
 
We were interested in the droplet size range from 20 to 80 m, for which the 
corresponding time constant values are 5.4 to 86.2 ms, respectively. The process time was 
measured in seconds in our experiments. As the characteristic times of important fluid-
mechanical events in the experiment were much greater than the time constant value, the QS 
approximation can be used in the droplet energy equation, with which the droplet energy 
balance becomes:  
 ∆𝑇𝑖,𝑗 = 𝑇𝑝𝑖,𝑗 − 𝑇𝑚𝑖𝑠𝑡 =
𝐷𝑃𝑗,𝑖
2𝑘
(𝑄𝑎𝑞𝑟𝑖,𝑗 −
ℎ𝑓𝑔𝑚𝑝̇ 𝑖,𝑗
𝜋𝐷𝑃
2
𝑖,𝑗
) 
(5.2.13) 
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Combining the mass equation (5.2.6) and energy equation (5.2.13), the combined droplet 
energy/mass equation becomes:  
 𝐷𝑃𝑖,𝑗
𝑑𝐷𝑃𝑖,𝑗
𝑑𝑡
=
4𝑘
𝜌𝑙ℎ𝑓𝑔
(∆𝑇𝑖,𝑗 −
𝑄𝑎𝑞𝑟𝑖,𝑗𝐷𝑃𝑖,𝑗
2𝑘
) (5.2.14) 
Using Taylor series expansions in the mass and energy balance equations (Eqs. 
(5.2.2), (5.2.13)-(5.2.14)) and including vapor pressure, the following explicit relations can 
be obtained for droplet size and temperature with the assumption of small supersaturation 
absolute values [5], [6], [43]:   
 𝑑𝐷𝑃
2
𝑖,𝑗
𝑑𝑡
=
Υ (s − ξ𝐷𝑃𝑖,𝑗 −
𝐷𝑐
𝐷𝑃𝑖,𝑗
⁄ )
Λ + Ω
 (5.2.15) 
 
∆𝑇𝑖,𝑗 =
s + ξ𝐷𝑃𝑖,𝑗
Ω
Λ −
𝐷𝑐
𝐷𝑃𝑖,𝑗
Λ + Ω
 (5.2.16) 
where Λ =
ℎ𝑓𝑔
𝑅𝑤𝑇𝑚𝑖𝑠𝑡
2 ;   Ω =
𝑘𝑅𝑤𝑇𝑚𝑖𝑠𝑡
𝐷𝑤ℎ𝑓𝑔𝑃𝑠,𝑚𝑖𝑠𝑡
=
1.61𝑃𝐶𝑃
ℎ𝑓𝑔𝑃𝑠,𝑚𝑖𝑠𝑡𝐿𝑒
  
(5.2.17) 
 Υ =
8𝑘
𝜌𝑙ℎ𝑓𝑔
;   ξ =
𝑄𝑎𝑞𝑟Λ
2𝑘
  
(5.2.18) 
 𝐷𝑐 =
4𝛾
𝑅𝑤𝑇𝑚𝑖𝑠𝑡𝜌𝑙ln (𝑠 + 1)
 
(5.2.19) 
 
5.2.3 Test Chamber Wall (PE Layer) 
There is no heat transfer between the mist and the PE layer because the chamber wall 
and mist flow are in thermal equilibrium. Similarly, in the annular zone, there is no heat 
transfer between air stream and the PE layer as pre-cooled air maintained a thermal entry 
zone boundary layer inside the annular zone down the length of the radiant test section. The 
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air stream temperature adjacent to the sink wall does vary along the wall. In the annular 
zone, pre-cooled is assumed to flow with a Reynolds number of 2000, which maintains the 
thermal entry zone downstream to the end the test chamber by keeping the boundary layer 
thickness (δ=8mm) smaller than the annular zone thickness (10mm).  
 The thermal entry length for the annular zone can be predicted using the entry length 
equation for laminar flow (Eq. 5.2.20). For the air stream with Reair=2000 and Prair=0.715, 
the thermal entry length value is xfd,t=572 mm (higher than the test chamber length of 508 
mm), which confirms that the annular zone maintains a thermal entry zone.    
 
 (
𝑥𝑓𝑑,𝑡
𝐷
)
𝑙𝑎𝑚
= 0.05 𝑅𝑒𝑎𝑖𝑟 𝑃𝑟𝑎𝑖𝑟 (5.2.20) 
 
5.3 Numerical Analysis of Radiative Droplet Growth 
The finite difference method was used to solve the isothermal and unsteady droplet 
mass and energy balance equations (Eq. 5.2.15) in the mist flow, and the time marching 
technique was employed explicitly with an increment of 0.01 seconds for every iteration. 
Based on the parabolic velocity profile, simulations of isothermal and unsteady droplet mass 
and energy balance equations for the initial droplet size spectrum were conducted for each 
cylindrical tube section (as described in Fig. 5.3) for different Reynolds numbers. At the end 
of the test section, the mean volume diameter, D43, for the entire tube section can be 
calculated using the average individual droplet diameter and number density corresponding 
to the volume fraction of that particular mean droplet diameter. The mean individual droplet 
diameters in the size spectrum were calculated using the volume of the cylindrical element 
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and the droplet diameter for each discretized section of the laminar mist flow, as shown in 
Eq. 5.1.2.  
 
5.4 Result and Discussion 
5.4.1    Effect of  the PE Layer on Droplet Growth 
PE has several absorption peaks at different IR wavelengths. Therefore, as a radiative 
barrier, the PE wall reduced the droplet growth in mist, in contrast to the test chamber wall 
with a hypothetical transmissive material (i.e., τ=1). To quantify the PE layer’s effects on 
droplet growth, a simulation of the bimodal droplet size distribution (2 and 30 m) spectrum 
was conducted with and without using the PE layer as a test chamber wall. Figure 5.11 shows 
the simulation results, which captured the PE layer’s effect on water droplet growth. As 
mentioned above, mist flow in the test chamber was assumed to be a fully developed laminar 
flow in which a parabolic velocity profile forms along any cross section in the test chamber. 
Because of this profile, droplet residence time increased gradually from the center of the 
cross section to the outer edge of the test chamber. Droplets in mist flow are assumed not to 
collide and coalesce with each other, but to be entrained instead with the moist air in the 
mist flow at the entrance of the test chamber. As mentioned, the time required for 
entrainment is less than one second, which is much lower than the droplet residence time 
considered in the simulation. In the center of the test chamber, the PE layer had less influence 
because of a shorter residence time and the effect became more prominent with increased 
residence time at the outer edge close to the chamber wall.  
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Fig. 5.11 Simulation results of PE layer effects on droplet growth for a bimodal droplet 
size distribution with equal volume fraction at Tr =245 K 
 
5.4.2   Droplet Growth Pattern Along the Cross Section of the Test Conduit 
A numerical analysis was conducted on the mist that flowed inside the test chamber 
with the assumption of a fully developed laminar velocity profile. Fully developed mist flow 
was discretized along the cross section of the test conduit (as described in Fig. 5.4); this 
allowed radial resolution of the change in droplet size spectra. Laminar flow exhibits a 
parabolic velocity profile, with a maximum velocity (i.e., minimum droplet residence time) 
along the central axis of the chamber, and quadratically decreasing velocity in the radial 
direction, reaching zero at the chamber wall. Because droplet residence time increases 
radially, the effect of radiation in changing droplet size distribution is stronger for droplets 
near the tube wall than for droplets near the centerline.  
Figure 5.13 shows the simulation results of droplet growth in the mist flow at 
different radial locations in the cross section (locations are defined in Fig. 5.12). Here, we 
highlight only the effect of radiative growth at different radial locations at the end of the test 
section. We assumed a tri-modal droplet size spectrum (30, 50 and 80 m) for simulation 
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input with equal volume fractions as an approximation. The simulation results in Fig. 5.13 
show that the droplets’ size became significantly larger at location 10 (region close to 
chamber wall) compared to other locations along the cross section. Thereafter, section 10 
was discretized further into five more sections to explore the growth pattern of these tri-
modal size spectra. In Fig. 5.13(b), the simulation results showed that radiative cooling 
increased the droplets’ sizes in section 10-5 by almost three orders of magnitude. This 
magnitude of growth would cause key assumptions in the analysis to breakdown, including 
negligible velocity slip with the gas, (which includes gravitational settling), and droplet 
sphericity. 
 
Fig. 5.12 Test chamber discretization schematic showing one quarter of the cross 
section  
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Fig. 5.13 Boundary layer and discretization effects on droplet growth for a tri-modal 
droplet size distribution with equal volume fraction at Tr =245 K 
 
 
5.4.3   Droplets’ Size Spectrum for Radiative Cooling 
5.4.3.1 Initial Droplet Size Spectrum: Simulation Input 
Figure 5.14 shows a typical droplet size distribution (in terms of volume fraction) that 
was determined experimentally and used as the initial droplet size distribution (before 
radiative cooling) in the numerical simulation. This droplet size spectrum represents the 
mist flow that passed through the precooling section (i.e., experienced convective and 
radiative cooling) with Re = 53 (i.e., centerline residence time in the precooling section of t = 
60s) before entering the test chamber. After precooling, the droplets’ diameters had a size 
distribution that ranged from 0.86 to 130.9 m and a mean volume diameter, D43, of 29 m, 
and the droplet size distribution exhibited two volume fraction peaks at approximately 6 and 
132 m, respectively. The 130-µm mode is definitely large enough that radiation cooling 
could affect this size range (although it is undesirably large for other reasons, as noted above; 
the 6-µm mode is a little on the small side but just entering the size range where radiative 
cooling can have an impact.   
(a) (b) 
88 
 
Droplet dia, m
1 10 100
V
o
l u
m
e 
fr
ac
t i
o
n
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
Gaussian distribution
 
Fig. 5.14 Precooled initial droplet size distribution used for simulation input 
 
5.4.3.2 Droplet Size Spectrum after Radiative Cooling 
              Figure 5.15 shows two droplet size distributions of mist flow, the theoretical model 
and representative results of the experiment after droplets passed through the radiative 
cooling section with Re = 53 (i.e., centerline residence time in the radiative cooling section of 
t = 60s). The simulation results’ theoretical prediction and details of droplet size distribution 
after radiative cooling are reported again in section 5.4.4. The theoretical results showed 
that the droplets had a size distribution of diameters that ranged from 5 to 158 m, and the 
experimenetal results showed diameters that ranged from 1 to 139.4 m. The theoretical 
analysis misses the smaller (6 µm) droplet diameter mode, but was closer on the larger (100 
µm) mode. Because the larger diameter droplets control the volume concentration of the size 
distribution, the average volume diameter for both the simulation and experimental results 
matched very closely (experimental D43=38μm and theoretical D43=39μm). The resuts also 
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show that during simulation mist temperature varies slightly with time; for example, with 
the radiative sink temperature of 245K and the mist initial temperature of 277 K simulation 
result shows that mist temperature become 274 K after 60 seconds.  Simulation results of 
droplet size distributions for other conditions (Tr =265K and 255K for t=60s and Tr=245 for 
t=30s and 15s) can be found in Appendix E.  
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Fig. 5.15 Mist flow droplet size distribution with radiation effect at Tr =245 K for Re = 53 
(centerline residence time, t = 60 s), experimental D43=38μm, and theoretical D43=39μm 
 
 
 
5.4.4   Radiative Effects on Droplet Size Spectra  
5.4.4.1 Precooled Droplets’ Number Concentration 
Figure 5.16 shows the size distribution for pre-cooled droplets in terms of the number 
concentration per unit volume as a function of droplet diameter. At small sizes, the droplet 
number concentration was large, and began to decrease at higher droplet diameters. The 
droplet size distribution was much narrower for smaller diameters, and the size spectra 
began to broaden at approximately 8 m (Fig. 5.16 presents the droplet diameter on a 
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lognormal scale). Table 5.2 lists the numerical values of the pre-cooled average droplet 
number concentration per unit volume, Ni, and number concentration in a range of 
diameters, ni, for mist flow (i.e., both Ni and ni, are average values for all discretized sections 
shown in Fig. 5.4). Because the number of droplets in larger bins decreased, the ni values are 
smaller than for larger droplets. Number concentration variations for droplets of pre-cooled 
mist were large, ranging up to five orders of magnitude greater for smaller droplets (<8m), 
but it is evident from the previous figure that the volume fraction was only approximately 
50% when the droplet size was less than 8 m.    
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Fig. 5.16 Histograms of precooled droplet number concentration  
 
 
 
Table 5.2 Segregated droplet size distribution for 
precooled droplets 
Size Range 
Diameter, 
∆𝐷𝑝,𝑖 (m) 
Concentration 
𝑁𝑖  (cm-3) 
Concentration 
𝑛𝑖 (m-1 cm-3) 
0.2-0.4 1.65x107 8.25 x107 
0.4-0.8 1.62x107 4.05 x107 
0.8-1.8 1.52x106 1.52 x106 
1.8-4.0 1.81x105 8.23 x104 
4.0-8.5 1.71x104 3.80 x103 
8.5-18.5 8.66x102 8.66 x101 
18.5-40.0 2.23x101 1.04 x100 
40.0-85.0 1.09x101 0.242 
85.0-160 1.91x100 0.025 
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5.4.4.2 Radiative Effects on Droplet Number Concentration   
Figure 5.17 shows the number concentrations of the mist flow for different radiant 
fluxes with a constant flow rate (Re=53, centerline residence time in the radiative cooling 
section of t = 60s) immediately after it passed through the radiatively cooled test section. 
Figure 5.18 shows the number concentrations of different mist flow rates (different 
centerline residence times in the radiative cooling section) as they flowed with a constant 
radiant flux (radiative sink temperature of 245 K). For pre-cooled number concentrations, 
the simulation results exhibited the same droplet growth pattern: number concentrations 
were several orders of magnitude greater for smaller than larger droplet sizes. With respect 
to radiant flux variations, the simulation results showed that droplets began to broaden at 
diameters of approximately 15, 18, and 21m for radiative sink temperatures of 265, 255, 
and 245 K, respectively. Similar patterns also were observed in the flow rate variation 
analysis. Here, droplets began to broaden at diameters of 17, 19, and 21m when the mist 
centerline residence times in the test chamber were 15, 30, and 60s, respectively. To evaluate 
the broadening effect quantitatively, droplet number concentrations per cm3 with varying 
radiant fluxes are reported further in Table 5.3. It is evident from both the figures and the 
table that the higher the radiant sink temperature, the broader the size spectrum, and that 
droplet number concentrations became smaller for larger droplet sizes. It is obvious that a 
higher radiant flux induces a higher condensation rate in the mist and ultimately shifts the 
number concentration toward larger droplet sizes, which reduces the number 
concentrations’ width. Similarly, shorter residence times in the test chamber did not allow 
sufficient exposure for the mist droplet size spectra to enlarge compared to the exposure 
attributable to longer residence times. This confirms that the number concentrations of 
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smaller droplets (<20 m) are quite large for all three radiation sink temperatures, ranging 
up to three orders of magnitude higher, as in the pre-cooled droplet number concentration. 
However, because of the radiative cooling effect on mist flow, droplet number concentrations 
decreased by at least two orders of magnitude for smaller droplets compared to the pre-
cooled droplet size distribution that was used as a simulation input. The radiative cooling 
shifts the pre-cooled droplet diameters toward a larger size regime, such that, like the pre-
cooled volume fraction at smaller sizes (<12 m for a radiative sink temperature 245 K), 
droplets had much higher number concentrations, but the volume fraction was only 
approximately 50%, which indicates that larger droplets had significant volume fractions 
even though their number concentrations were very small. Figures 5.17(b) and 5.17(b) show 
the droplet number concentration normalized by bin width for different radiative sink 
temperatures and mist flow rates. With increased radiative cooling intensity (i.e., a lower 
radiative sink temperature), droplet number concentrations decreased for all bin sizes. 
However, the number concentration shifted to larger droplets, which corresponds to a 
higher droplet volume.      
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Fig. 5.17 Theoretical histogram of droplet number concentration with varying radiative 
sink temperature (varying radiative flux) for Re = 53 
 
(a) (b) 
93 
 
Diameter, m
1 10 100
N
u
m
b
er
 C
o
n
c e
n
tr
a t
io
n
, c
m
-3
1e+0
1e+1
1e+2
1e+3
1e+4
1e+5
1e+6
60s
30s
15s
 Diameter, m
1 10 100
N
u
m
b
er
 C
o
n
ce
n
tr
at
io
n
, 
m
-1
 c
m
-3
1e-3
1e-2
1e-1
1e+0
1e+1
1e+2
1e+3
1e+4
1e+5
1e+6
1e+7
60s
30s
15s
 
Fig. 5.18 Theoretical histogram of radiative cooled droplet number concentrations with 
varying cooling time for Tr = 245 K  
 
 
Table 5.3 Theoretical segregated number concentration for droplets for radiative cooling 
 
 
5.4.4.3 Radiative Effects on Droplet Surface and Volume Size Distribution 
 Figures 5.19 and 5.20 show the effect of radiative fluxes on droplets’ volume and 
surface concentrations with Re = 53, and with different mist flow rates at a constant radiant 
flux (radiative sink temperature of 245 K). The histograms in Tables 5.4 and 5.5 show the 
numerical values of the surface and volume concentrations for different radiative sink 
temperatures. Surface concentration dictates the amount of radiation and conduction heat 
transfer that occurs at the droplet surface. In both cases, radiative flux and flow rate 
variation, the surface concentration values were nearly the same until the droplet diameter 
Size Range 
Diameter, 
∆𝐷𝑝,𝑖 (m) 
Tr =265K Size Range 
Diameter 
∆𝐷𝑝,𝑖 (m) 
Tr =255K Size Range 
Diameter 
∆𝐷𝑝,𝑖 (m) 
Tr =245K 
Concentration,
𝑁𝑖  (cm-3) 
Concentration 
𝑁𝑖  (cm-3) 
Concentration, 
𝑁𝑖  (cm-3) 
3.1-3.2 95406 4.1-4.3 43196 5.5-5.7 18486 
3.2-3.5 72608 4.3-4.7 28718 5.7-6.4 12064 
3.5-4.5 61906 4.7-6.3 22854 6.4-8.4 9573 
4.5-7.7 18078 6.3-10.3 6807 8.4-12.9 3131 
7.7-15.6 1646 10.3-18.8 770 12.9-21.7 433 
15.6-33.4 47 18.8-36.6 30 21.7-39.6 22 
33.4-71.9 13 36.6-75.0 26 39.6-78.0 10 
71.9-160 2 75.0-160 1.9 78.0-160 3 
(a) (b) 
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reached approximately 12 m, and values were within one order of magnitude until the 
diameter reached approximately 30 m. In the previous section, we saw that number 
concentration values were several orders lower than in the initial size regime; however, the 
surface concentration values were quite comparable until the droplet diameter reached 
approximately the mean size. The same pattern was observed for droplet volume 
concentrations, as in the case of droplet surface concentration, except for volume 
concentration, which began to increase at the very beginning and very end of the size 
spectrum. The previous section showed that smaller droplets seemed to dominate number 
concentrations; however, for volume concentration, smaller droplets did not add 
significantly to the volume content of liquid water; hence, volume content began to increase 
at the beginning of the volume concentration size spectra, and larger droplets had volume 
concentrations comparable to those of smaller ones. This was more prominent for droplets 
larger than 77 m when the radiative sink temperature was 245 K. 
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Fig. 5.19 Theoretical histogram of droplet surface area and volume concentration with 
varying radiative sink temperatures (varying radiative flux) for Re = 53 
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Fig. 5.20 Theoretical histogram of droplet surface area and volume concentration with 
varying centerline residence times for Tr = 245 K 
 
 
Table 5.4 Theoretical segregated droplet size distribution (number concentration) for 
droplets with varying radiative sink temperatures for Re = 53 
 
 
Table 5.5 Theoretical segregated droplet size distributions for droplets after radiative 
cooling 
 
 
Size Range 
Diameter, 
∆𝐷𝑝,𝑖 (m) 
Tr =265 K Size Range 
Diameter 
∆𝐷𝑝,𝑖 (m) 
Tr =255 K Size Range 
Diameter 
∆𝐷𝑝,𝑖 (m) 
Tr =245 K 
Surface 
Concentration,
𝑁𝑠,𝑖  (m2 cm-3) 
Surface 
Concentration 
𝑁𝑠,𝑖  (m2 cm-3) 
Surface 
Concentration, 
𝑁𝑠,𝑖  (m2 cm-3) 
3.1-3.2 2974039 3.8-4.2 2393823 5.5-5.7 1821247 
3.2-3.5 2559906 4.2-4.7 1826960 5.7-6.4 1387241 
3.5-4.5 3111735 4.7-6.3 2171888 6.4-8.4 1646878 
4.5-7.7 2113294 6.3-10.3 1473200 8.4-12.9 1115661 
7.7-15.6 701829.4 10.3-18.8 512113.9 12.9-21.7 407127.1 
15.6-33.4 88629.83 18.8-36.6 72315.38 21.7-39.6 64928.22 
33.4-71.9 113211.4 36.6-75.0 254326.5 39.6-78.0 108618.7 
71.9-160 84473.67 75. 0-160 82409.87 78.0-160 133464.3 
Size Range 
Diameter 
∆𝐷𝑝,𝑖 (m) 
Tr =265 K Size Range 
Diameter 
∆𝐷𝑝,𝑖  (m) 
Tr =255 K Size Range 
Diameter 
∆𝐷𝑝,𝑖  (m) 
Tr =245 K 
Concentration
𝑁𝑣,𝑖  (m3 cm-3) 
Concentration 
𝑁𝑣,𝑖  (m3 cm-3) 
Concentration 
𝑁𝑣,𝑖  (m3 cm-3) 
3.1-3.2 1561371 3.8-4.2 1675676 5.5-5.7 1699831 
3.2-3.5 1429281 4.2-4.7 1370220 5.7-6.4 1398801 
3.5-4.5 2074490 4.7-6.3 1990898 6.4-8.4 2031149 
4.5-7.7 2148516 6.3-10.3 2037927 8.4-12.9 1980298 
7.7-15.6 1362719 10.3-18.8 1241876 12.9-21.7 1173883 
15.6-33.4 361905 18.8-36.6 333856 21.7-39.6 331675 
33.4-71.9 993430 36.6-75.0 2365236 39.6-78.0 1064463 
71.9-160 1632454 75. 0-160 1613860 78.0-160 2647042 
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5.4.5   Malvern measurement effects on droplet size spectra 
The precooled droplet size spectra used for simulation were based on Malvern 
Spraytec generated experimental size spectra (droplet diameters ranged from 0.2 m to 160 
m). However, during experiments, the 750-mm lens was used with Malven, which can only 
predict the droplet diameter reliably from 2 m to 2000 m. Thus simulations results from 
previous sections are evaluated here with corrected droplet size spectra.  Figure 5.21(a) 
shows the corrected droplet size distribution that was used as simulation input and Fig. 
5.21(b) shows the corrected size distribution of simulation results, and representative 
results of the experiment after radiative cooling with Re=53. Both theoretical and 
experimental results show similar droplet size spectra for larger diameter mode as shown 
in section 5.4.3.2, however smaller diameter mode shows only one peak in contrast to 
previous section. The average volume diameter for both the simulation and experimental 
results increases slightly(experimental D43=42 m and theoretical D43=40 m).  
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Fig. 5.21 Malvern measuremnt effect (a) corrected precooled initial droplet size 
distribution used for simulation input (b) corrected mist flow droplet size distribution with 
radiation effect at Tr =245 K for Re = 53 (centerline residence time, t = 60 s) 
(a) (b) 
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Figure 5.22(a) shows the corrected number concentration of the mist flow for 
different radiant fluxes with a constant flow rate (Re=53). Figure 5.23(a) shows the corrected 
number concentration of the mist flow rates(centerline residence times in the radiative 
cooling section) with a constant radiative sink temperature of 245K. The corrected number 
concentration for radiative flux and flow rate variation were similar as shown in section 
5.4.4.2. Simulation results showed that the number concentrations for  smaller droplets (<20 
m) were several order of magnitude higher compared to larger droplet sizes. At smaller 
size regime, the number concentrations become narrower for corrected size spectra in 
contrast to previous section.  Figure 5.22(b) and 5.23(b) show the corrected number 
concentration normalized by bin width for different radiative sink temperatures and mist 
flow rates. The corrected normalized number concentration for radiative flux and flow rate 
variation also showed similar pattern as shown in previous section.  
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Fig. 5.22 Theoretical histogram of droplet number concentration with varying radiative 
sink temperature (varying radiative flux) for Re = 53 
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Fig. 5.23 Theoretical histogram of radiative cooled droplet number concentrations with 
varying cooling time for Tr = 245 K 
 
 Figures 5.24 and 5.25 show the effect of radiative fluxes on droplets’ volume and 
surface concentrations with Re = 53, and with different mist flow rates at a constant radiant 
flux of 245 K for Malvern corrected droplet size spectra. The corrected surface concentration 
plots for radiative flux and flow rate variation were similar as shown in section 5.4.4.3,  
except the start points of surface concentration values shifted slightly towards the higher 
droplet diameters values. As smaller droplets’ possessed lesser surface area concentration, 
the relatively higher diameter start points for different conditions had insignificant 
contribution to radiation and conduction heat transfer to droplet spectra. The corrected 
droplet volume concentrations show similar patterns for radiative flux and flow rate 
variation as shown in section 5.4.4.3. In both cases, radiative flux and flow rate variation, the 
volume concentration were within one order of magnitude and unlike previous section the 
sharp increment of volume concentrations were missing at smaller size regime.  
(a) (b) 
99 
 
Diameter, m
1 10 100
N
s
D
P
) 

m
2
 c
m
-3
1e+4
1e+5
1e+6
1e+7
265 K
255 K
245 K
 Diameter, m
1 10 100
N
v
(D
P
),
 
m
3
 c
m
-3
1e+5
1e+6
1e+7
265 K 
255 K
245 K
 
Fig. 5.24 Theoretical histogram of droplet surface area and volume concentration with 
varying radiative sink temperatures (varying radiative flux) for Re = 53 
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Fig. 5.25 Theoretical histogram of droplet surface area and volume concentration with 
varying centerline residence times for Tr = 245 K 
 
 
5.4.6   Radiative Flux Effects on Mean Droplet Sizes 
To estimate the accuracy of calculated mean diameter of radiatively cooled droplet 
size spectra during mist flow, we compared the theoretical results of this study to the 
experimental data reported in Chapter 3. Figure 5.26 shows the experimental and simulated 
mean droplet sizes for different radiative sink temperatures (i.e., radiative cooling flux). The 
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experimental mean droplet diameters were compared to the simulation results, and in both 
cases, the pre-cooled droplet size distributions were used as described in section 5.4.3.1. The 
theoretical QS energy equation was used for the simulation, which accounts for the primary 
effects of conduction and radiation; curvature and solute effects were not included, as they 
are negligible for larger droplet sizes. The simulation results predicted that the mean volume 
droplet size would be within one standard deviation of the experimental mean sizes. 
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Fig. 5.26 Comparison of experimental and theoretical droplet sizes with varying radiative 
sink temperatures (varying radiative flux) for Re = 53 (centerline residence time, t = 60 s) 
 
 
 
5.4.7   Effect of Flow Rate (Cooling Time) on Droplet Growth 
             Figure 5.27 shows the theoretical and experimental mean volume droplet sizes for 
different mist flow rates (i.e., different residence times in the radiative cooling section). The 
mist flow rate was varied to achieve different travel times through the tube. The theoretical 
QS droplet growth equation predicts that droplet growth will be approximately one standard 
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deviation from the experimental mean droplet size. The supersaturation value of the mist 
flow might have changed during flow rate variation; however, the radiation effect on 
condensation droplet growth was the same, as the sink temperature was held constant for 
the flow rate variation analysis. As long as the supersaturation value is positive, both 
conduction and radiation work together to support condensational droplet growth. 
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Fig. 5.27 Comparison of experimental and theoretical droplet sizes with varying centerline 
residence times for Tr = 245K. 
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CHAPTER 6: FINAL REMARKS 
 
6.1 Summary and Conclusions 
6.1.1 Experimental Findings: Radiation Effect on Droplet Size Distribution 
The effect of thermal radiation on cloud-size water droplet growth was investigated 
experimentally by varying the radiative intensities and flow rate of mist droplet spectra.  A 
mist flow apparatus was constructed to measure droplet evolution using an optical 
spectrometer (i.e., Malvern Spraytec instrument).  The mist flow setup was designed as an 
open system that allowed the radiative sink temperatures, mist flow rates, mist flow 
temperatures, and the distribution of droplet spectra to be varied.  Water droplets were 
introduced by a commercial humidifier, which was used to produce polydispersed droplet 
distributions.  The mist flow temperature was maintained constant during the experiment 
at the inlet of the radiative section (at W2 in Fig. 3.1) using liquid nitrogen inside the annular 
zone of the pre-cooled section.  Further, radiative intensity was varied by changing the 
amount of liquid nitrogen inside the annulus.  The variation in the radiative effects was 
explored for three different heat sink temperatures (-28, -18, and -8 °C).  The various 
temperature differences between the mist and heat sink resulted in a range of net radiant 
fluxes (85 to 184 W/m2) from each droplet to the cooled tube wall.  Further, the flow rate 
effect on droplet growth in the mist flow was measured at three different Reynolds numbers 
(53 to 212).  Flow velocity also was varied using a fan inside the duct that produced varying 
Reynolds number (Re) droplet residence times.  The values for Re and residence time (15 to 
60 seconds) were based on the centerline velocity measured at the end of the radiative test 
section.  Droplet sizes increased significantly after they underwent radiative cooling.  For 
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example, with a radiative flux of 145 W/m2, the volume-average size (D43) increased from 29 
to 39 µm after approximately 60 seconds of (minimum) centerline residence time in the 
radiative cooling section.  Thus, experimental evidence demonstrated that droplet radiation 
to a remote, cold, radiative sink can augment droplet growth significantly in the 20 to 80 µm 
condensation-coalescence bottleneck region. Both convectively and radiatively cooled mist 
flows exhibited muli-modal droplet size distributions. The smaller size regime (below 20 
µm) maintained its original mist generator bimodal character. However radiatively induced 
condensation transformed droplet spectra from monomodal to bimodal for the larger size 
regime (above 20 µm). These bimodal droplet distributions were found to be skewed 
positively, with relatively wide dispersions for the smaller mode and less dispersion for the 
larger mode.  The droplet size distributions measured were fit with Weibull, Gaussian, and 
Lorentzian distribution functions, and the Gaussian distribution fit best. 
  
6.1.2 Theoretical Prediction: Radiation Effect on Droplet Size Distribution  
The effects of radiation on polydispersed droplet size spectra in the mist flow 
environment were investigated theoretically and the results were compared with the 
experimental findings by  studying the effects of distributed (volumetric) absorption and 
conduction on droplet spectra. MATLAB was used to conduct numerical analyses to explore 
the detailed thermophysical characteristics of the mist flow.  In simulation inputs, droplet 
size spectra were defined by several small diameter bins (ranges of fixed diameters) that are 
related to the droplet volume fraction.  The convection effect in the radiative test zone was 
excluded by introducing PE annular convective shield-flow tubing, and its effect was 
included in the radiative transfer equation by exploring the emissivity, absorptivity, and 
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transmissivity of the PE layer used in the test setup. A constant temperature radiative sink 
was located around the annular zone in which the pre-cooled air flowed. It was assumed that 
the PE tube and mist flow had the same temperature, which leaves only radiative heat 
transfer between the mist flow and the sink. Mist temperature varies slightly (by few 
degrees) with time during the simulation.  
The theoretical results were compared with droplet size distributions measured 
before and after radiative cooling for radiative fluxes that varied from 85 to 184 W/m2 and 
minimum (centerline) droplet residence time in the radiative section that ranged from 15 to 
60 seconds. Calculations confirmed the experimental observations that droplet sizes 
increased significantly after they experienced radiative cooling.  For example, with a 
radiative flux of 145 W/m2 (245 K wall temperature), calculations predicted a volume-
average size (D43) increase from 29-39 µm after approximately 60 seconds of (minimum) 
centerline residence time in the radiative cooling section, which was consistent with 
measurements.  With respect to size distribution data, calculations showed partial or 
qualitative agreement, but not complete quantitative agreement. The theoretical results 
matched the experimental size distribution data reasonably well only for droplets larger 
than 100 µm and for smaller droplets (6 µm mode) theoretical analysis misses the 
experimental prediction. These results indicate the need for further improvement in the 
model’s assumptions. Simulation results also showed that adjacent to the PE wall radiative 
cooling increased the droplets’ sizes by almost three orders of magnitude due to boundary 
layer effect. This magnitude of growth would cause key assumptions in the analysis to 
breakdown only near the PE wall, including negligible velocity slip with the gas, (which 
includes gravitational settling), and droplet sphericity. Thus, we demonstrated theoretical 
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support for the concept that droplet radiation to a remote, cold, radiative sink can augment 
droplet growth significantly in the 20-80 µm condensation-coalescence bottleneck regime, 
but further improvements in theoretical modeling and/or experimental implementation are 
needed to quantify the effect.  
  
6.2 Recommendations for Future Work 
While the radiative effect on droplet evolution in mist flow was examined both 
experimentally and theoretically, much work still needs to be done to explore the 
fundamentals and applications of mist flow dynamics in detail.  In addition to studying the 
radiative effect on mist flow, which consisted of pure water, it would be interesting to 
investigate the solute effect of various salts in the mist to explore their radiative influence on 
droplet evolution.  It also would be advantageous to study the collision-coalescence effect on 
droplet evolution by modifying the laminar mist flow to turbulent mist flows in the same 
setup.  The radiative effect on mist flow also could be used to investigate the effect of various 
cooling applications, such as electronic cooling and turbine blade cooling.  Based on the 
findings of this study, the following recommendations are suggested for future work. 
 
6.2.1 Radiative Effect on Different Solutes  
The effect of radiative intensity was measured in the experiments using pure water 
for mist production; however, the relative importance of different solutes on droplet 
evolution was not obtained from the experimental measurements.  Solute effects are 
particularly important in the early stage of droplet evolution.  Although adding the solute 
effect in the droplet growth equation would complicate the theoretical and numerical 
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analyses, it would be useful in examining the solute effect on supersaturation at the initial 
segments of the modified Köhler curve (as shown in Fig 4.5) before the radiation effect 
dominates all other effects (Kelvin and solute effects).  Different solutes could be added to 
pure water in the humidifier to obtain the radiation characteristics in mist flow experiments.  
 
6.2.2 Short Wave (SW) Solar Radiation Heating  
 In this study, longwave (LW) radiative effect was explored experimentally on mist 
droplet size distribution to mimic the radiative effect on cloud droplet evolution; however, 
during daytime, the SW radiative heating from sun act counteractively with the LW radiative 
cooling by top cloud layers on cloud droplet growth. The effect of SW radiation on mist flow 
can be added in the experimental setup by adding a visible light source along the test 
chamber (PE layer) outer surface. During experiments the LW radiative sink and SW light 
source can be tuned to different atmospheric conditions to vary the experimental 
parameters.   
     
6.2.3 Radiative Effects on Turbulent Mist Flow  
 The radiative mist flow experimental setup also could be used for droplet evolutions 
in droplets with greater diameters in which collision-coalescence effects become prominent.  
To understand more realistic droplet evolution mechanisms that occur in stratocumulus 
clouds, a turbulent mist flow could be introduced in the same experimental setup by 
increasing the mist flow rate.  It has been shown theoretically that incorporating collision-
coalescence combined with the radiation effect in the droplet evolution model potentially 
could increase the droplet growth rate by as much as a factor of 4 [17].  Of course, this 
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situation will occur only when the average droplet size is larger than 80 µm; beyond this 
limit, the collision-coalescence effect contributes significantly to droplet evolution. 
 
6.2.4 Applications of Radiative Cooling 
Finally, it would be advantageous to study electronic cooling by adding radiative 
heating to the mist when it flows through heated electronics.  In recent studies, researchers 
proposed using mist flow as a cooling medium for electronics, because of its high heat flux 
thermal management capabilities [3].  The cooling effect can be achieved by introducing a 
finely-dispersed liquid droplet distribution in the air, which can be recirculated through a 
channel around the electronic components.  Alternatively, it may be added to mist close to 
the heat-generating components, in addition to channel mist flow.  In mist flow, adding 
radiation heat flux increases the droplet evaporation rate and, subsequently, reduces heat 
sink thermal resistance.  At the same time, the amount of mist loading needs to be controlled 
as, with the increase of mist, relative humidity also will increase and suppress evaporation. 
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APPENDIX A: DERIVATION OF RADIATION MODIFIED KÖHLER EQUATION 
 
Saturation density of the water vapor can be calculated by using ideal gas law as:  
 𝜌𝑠 =
𝑒𝑠
𝑅𝑤𝑇∞
 (A1) 
Here, 𝑒𝑠 is the saturation vapor pressure evaluated at 𝑇∞ and 𝑅𝑣 is the gas constant for 
water vapor. 
 𝜌𝑠
′ = 𝜌𝑠 (
ℎ𝑓𝑔
𝑅𝑤𝑇∞2
−
1
𝑇∞
) (A2) 
 
 𝜌𝑠
′′ =
2𝑒𝑠
𝑅𝑤𝑇3
[1 +
1
2
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2
𝑅𝑤2 𝑇∞2
−
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𝑅𝑣𝑇
] (A3) 
 
 𝛾 =
ℎ𝑓𝑔𝐷𝑤𝜌𝑠
′
𝑘
 (A4) 
 
 𝛼 =
1
2
𝜌𝑠
′′
𝜌𝑠′
𝜌𝑠
𝜌𝑠′
(
𝛾
1 + 𝛾
)
2
 (A5) 
  
Equation 19 can be converted to a simple algebric expression for equilibrium 
supersaturation as shown in Eq. A7if we use Taylor series approximation for square root 
term in Eq. 19. 
 𝑠𝑒𝑞 =
𝐴
𝑅𝑃
−
𝐵
𝑅𝑃
3 +
1
2𝛼
[1 − (1 −
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𝐶′ℎ𝑓𝑔
)] 
 
(A6) 
 𝑠𝑒𝑞 =
𝐴
𝑅𝑃
−
𝐵
𝑅𝑃
3 +
𝑄𝑎𝑞𝑟
𝐶′ℎ𝑓𝑔
𝑅𝑃 (A7) 
 
 
113 
 
APPENDIX B: POLY-DISPERSED DROPLET SIZE EVALUATION MATLAB CODE 
 
Matlab Code for the test Chamber Experiment: 
%% Code written by Kibria K. Roman 
%% Input parameters 
fprintf('Enter droplet travel time in sec: ');tt= input(''); 
n_lin_v_p_seg=10; %Numer of segment for laminar velocity profile 
delta=1e-2; %Time step size 
ni=zeros(n_lin_v_p_seg,1); 
ni(1)=tt/delta; 
ni(2)=round(tt/delta/(1-.41^2));ni(3)=round(tt/delta/(1-
.5^2));ni(4)=round(tt/delta/(1-.59^2)); 
ni(5)=round(tt/delta/(1-.65^2));ni(6)=round(tt/delta/(1-
.71^2));ni(7)=round(tt/delta/(1-.78^2)); 
ni(8)=round(tt/delta/(1-.83^2));ni(9)=round(tt/delta/(1-
.89^2));ni(10)=round(tt/delta/(1-.94^2)); 
n_d_sz = input('Enter number of droplet size bin, n: '); 
  
T_e=zeros(ni(9),1);T_e_old=zeros(ni(9),1);T_PE=zeros(ni(9),1);T_
PE_old=zeros(ni(9),1); 
T_s_temp=zeros(ni(9),n_lin_v_p_seg);T_s=zeros(ni(9),n_d_sz,n_lin
_v_p_seg);T_s_old=zeros(ni(9),n_d_sz,n_lin_v_p_seg); 
h_fg=zeros(ni(9),n_d_sz,n_lin_v_p_seg);C_p=zeros(ni(9),n_d_sz,n_
lin_v_p_seg); 
C=zeros(ni(9),n_d_sz,n_lin_v_p_seg);k_a=zeros(ni(9),n_d_sz,n_lin
_v_p_seg); 
rho_air=zeros(ni(9),1);rho_moist_air=zeros(ni(9),1);rho_g_lv=zer
os(ni(9),1); 
P_1e=zeros(ni(9),1);x_1e=zeros(ni(9),1);m_1e=zeros(ni(9),1); 
m_l=zeros(ni(9),1); m_m_air=zeros(ni(9),1); m_v=zeros(ni(9),1); 
CV=zeros(ni(9),1);Vf_l=zeros(ni(9),1);V_l=zeros(ni(9),1);V=zeros
(ni(9),1);N_D=zeros(ni(9),n_d_sz);N_Den=zeros(ni(9),n_d_sz,n_lin
_v_p_seg); 
RH_s=zeros(ni(9),n_d_sz,n_lin_v_p_seg);RH_e=zeros(ni(9),1);st_l=
zeros(ni(9),n_d_sz,n_lin_v_p_seg);st_w=zeros(ni(9),1); 
s=zeros(ni(9),n_d_sz,n_lin_v_p_seg); 
h_c_w_a=zeros(ni(9),n_d_sz,n_lin_v_p_seg);q_c_w_a=zeros(ni(9),n_
d_sz,n_lin_v_p_seg); 
H=zeros(ni(9),n_d_sz,n_lin_v_p_seg);gamma=zeros(ni(9),n_d_sz,n_l
in_v_p_seg);psi=zeros(ni(9),n_d_sz,n_lin_v_p_seg);Rad_P=zeros(ni
(9),n_d_sz,n_lin_v_p_seg); 
Q_a=zeros(ni(9),n_d_sz); 
q_r=zeros(ni(9),n_d_sz,n_lin_v_p_seg); 
114 
 
P_air=zeros(ni(9),1);P_s_s=zeros(ni(9),n_d_sz,n_lin_v_p_seg);P_s
_e=zeros(ni(9),n_d_sz,n_lin_v_p_seg); 
D_c_v=zeros(ni(9),n_d_sz,n_lin_v_p_seg); 
D_s_old=zeros(ni(9),n_d_sz,n_lin_v_p_seg);D_old=zeros(ni(9),n_d_
sz,n_lin_v_p_seg); 
V_Frac_bin=zeros(n_d_sz,n_lin_v_p_seg); 
D_s=zeros(ni(9),n_d_sz,n_lin_v_p_seg);D=zeros(ni(9),n_d_sz,n_lin
_v_p_seg); 
  
filename = 'Rad_flux_variationD_size.xlsx'; 
D_old(1,:,1) = xlsread(filename,'A:A'); % droplet size in bin in 
micrometer  
V_Frac_bin(:,1) = xlsread(filename,'C:C'); % droplets volume 
fraction 
  
for i=1:1:n_d_sz 
%     fprintf('  Enter droplet size in bin(% d) in micrometer: 
',i);D_old(1,i,1)= input(''); 
%     fprintf('  Enter volume fraction in bin(% d): 
',i);V_Frac_bin(i,1)= input(''); 
    T_s_old(1,i,1)=277; T_e_old(1,1)=277; T_r=245;   % Droplet 
surface and radiative sink temperature in Kelvin 
    T_PE_old(1,1)=277; 
end 
  
%% 
sigma=5.67e-8;      % Unit: W/m^2/K^4    
P=101.325e3;        % Unit: Pa 
PE_reflec=0.0874;   % Reflectivity of Polyethylene layer 
PE_trans=0.7952;    % Transmissivity of Polyethylene layer 
PE_em=0.1212;       % Emissivity of Polyethylene layer 
rho_l=1000;         % Water density [kg/m^3] 
rho_PE=975;         % PE density [kg/m^3] 
C_PE=2302.74;       % Sp. heat of polyethylene [J/kg-K] 
http://www.engineeringtoolbox.com/physical-properties-
thermoplastics-d_808.html  
thk_PE=0.0001;   % Polyethylene thickness [m] 
A_PE=pi*0.07366*0.508; % Polyethylene area [m^2] 
R_l=463.4;          % Gas constant for water vapor Unit: J/kg/K  
alpha_m=1.9e-5;     % Mass diffusivity [m^2/s] ref. engineering 
toolbox          
alpha_h=2.16e-5;    % Thermal diffusivity [m^2/s] 
Le=1;            % Non-Dimensional numbers 
  
%% 
%Volume fraction and number of droplet 
CV(1)=10; 
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Vf_l(1)=CV(1)*1e-6;  
V(1)=1e-6;          %Unit volume 1 cm^3 air containing water 
droplet traveling through the test chamber 
V_l(1)=Vf_l(1)*V(1);  
  
% Initial number of droplets at different droplet sizes  
for j=1:1:n_d_sz   
N_D(1,j)=V_l(1)*V_Frac_bin(j,1)/(pi/6*(D_old(1,j,1)*1e-6)^3);% 
Number of water droplet for droplet size#1 
end 
  
%% Initial Mass of water vapor, water droplets and air 
m_a=P_air(1)*(V(1)-V_l(1))/287/T_e_old(1); % mass of dry air in 
Kg 
P_1e(1)=(6.11*10^(7.5*(T_e_old(1)-273)/(237.3-
273+T_e_old(1)))/10)*1e3; 
m_v(1)=P_1e(1)*(V(1)-V_l(1))/461.5/T_e_old(1); % mass of initial 
water vapor in Kg 
m_l(1)=V_l(1)*rho_l;% mass of initial water droplets in Kg 
m_lv=m_v(1)+m_l(1); %Mass of initial water vapor and droplets 
sum. constant... 
  
  
%% 
for i=1:1:ni(9) 
    %Initialize energy balance components for air and PE layer 
    q_T_e_temp=0; 
    q_T_pe_temp=0; 
     
for j=1:1:n_d_sz     
    CV(i+1)=CV(i); 
    Vf_l(i)=CV(i)*1e-6;  
    V_l(i)=Vf_l(i)*V(i);  
    N_Den(i,j,1)=Vf_l(i)*V_Frac_bin(j,1)/(pi/6*(D_old(i,j,1)*1e-
6)^3); % Number density of water droplet 
    h_fg(i,j,1)=(25-0.02274*(T_s_old(i,j,1)-273))*1e5;  %Latent 
heat of vaporization  [J/kg] Ref:Fleagle and Businger (1980. p. 
113) Source:Andreas_Handbook_BF2; 
    C_p(i,j,1)=1005.6+0.017211*(T_s_old(i,j,1)-
273)+0.000392*(T_s_old(i,j,1)-273)^2; % Sp. heat of air [J/kg-K] 
Ref:Hilsenrath et al. (1960)Source:Andreas_Handbook_BF2; 
    C(i,j,1)=4217.4-3.720283*(T_s_old(i,j,1)-
273)+0.142855*(T_s_old(i,j,1)-273)^2-2.654387e-
3*(T_s_old(i,j,1)-273)^3+2.093236e-5*(T_s_old(i,j,1)-273)^4;% 
Sp. heat of water [J/kg-K] Ref:Millero et al. (1973)  
Source:Andreas_Handbook_BF2; 
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    k_a(i,j,1)=2.411e-2*(1+3.309e-3*(T_s_old(i,j,1)-273)-1.441e-
6*(T_s_old(i,j,1)-273)^2); % Thermal Conductivity of air [W/m-K]  
Ref:Hilsenrath et al. (1960, p. 70) Source:Andreas_Handbook_BF2; 
  
    %%       
    P_s_s(i,j,1)=(6.11*10^(7.5*(T_s_old(i,j,1)-273)/(237.3-
273+T_s_old(i)))/10)*1e3; 
q_r(i,j,1)=sigma*(PE_trans*T_r^4+PE_reflec*T_s_old(i,j,1).^4-
T_s_old(i,j,1).^4); 
    H(i,j,1)=h_fg(i,j,1)/R_l/T_s_old(i,j,1)^2; %Unit: K^-1 
    gamma(i,j,1)=8*k_a(i,j,1)/(rho_l*h_fg(i,j,1))*1e12; 
%Unit:micrometer^2/s-K 
    psi(i,j,1)=1.61*P*C_p(i,j,1)/(P_s_s(i,j,1)*h_fg(i,j,1)*Le); 
% K^-1 
  
    %% Relative Humidity of water droplet due to Kelvin effect 
    %source: 
http://teacher.yuntech.edu.tw/~ken/Chapter%2013%20Condensation%2
0and%20Evaporation.htm 
    st_l(i,j,1)=76.1-0.155*(T_s_old(i,j,1)-273);%water surface 
tension, Unit: dyn/cm 
    M_w=18;%Molecular weight of water gm/mol or kg/kmol 
    R=8.314e8; % Universal gas constant, Unit: erg/mol/K 
    
RH_s(i,j,1)=exp(4*st_l(i,j,1)*M_w/1/R/T_s_old(i,j,1)/((D_old(i)+
D_old(i))/2)/1e-4);% Calulation done by using cgs unit system : 
RH_w=P/P_s=exp(4*r*M/(rho_w*R*T_w*Dia_w)) 
    s(i,j,1)=RH_s(i,j,1)-1; 
    
D_c_v(i,j,1)=4*st_l(i,j,1)*.001*M_w/1/R/rho_l/T_s_old(i,j,1)/log
(RH_s(i,j,1)); 
  
    %% Mass fraction at 'e' state 
    P_s_e(i,j,1)=(6.11*10^(7.5*(T_e_old(i)-273)/(237.3-
273+T_e_old(i)))/10)*1e3; 
    P_air(i)=P-P_s_e(i,j,1);%Unit:Pa 
    RH_e(i)=P/P_s_e(i,j,1)/(1+18/29*m_a/m_v(i)); 
    P_1e(i)=RH_e(i)*P_s_e(i,j,1); 
    x_1e(i)=P_1e(i)/P; 
    m_1e(i)=x_1e(i)/(x_1e(i)+29/18*(1-x_1e(i)));  
  
    %% Density of water droplet, dry air and moist air 
    rho_air(i)=P_air(i)/287.058/T_e_old(i); 
    rho_g_lv(i)=P_1e(i)/461.5/T_e_old(i); 
    rho_moist_air(i)=rho_air(i)*(1+m_1e(i))/(1+1.609*m_1e(i)); 
  
    %% Mass and Energy balance of water droplets 
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    Q_a(i,j,1)=1.18.*(1-exp(-0.28.*(D_old(i,j,1)*2/3))); %where 
droplet dia in micro-meter 
    
Rad_P(i,j,1)=Q_a(i,j,1)*q_r(i,j,1)*H(i,j,1)/(2*k_a(i,j,1))*1e-6; 
%Unit:micrometer^-1 
    D_s_old(i,j,1)=D_old(i,j,1)^2; 
    D_s(i,j,1)=D_s_old(i,j,1)+abs(delta*(gamma(i,j,1)*(s(i,j,1)-
Rad_P(i,j,1)*D_old(i,j,1)-
D_c_v(i,j,1)/D_old(i,j,1))/(H(i,j,1)+psi(i,j,1)))); 
    D(i,j,1)=sqrt(D_s(i,j,1)); 
    
T_s(i,j,1)=T_e_old(i)+(s(i,j,1)+Rad_P(i,j,1)*D(i,j,1)*psi(i,j,1)
/H(i,j,1)-D_c_v(i,j,1)/D(i,j,1))/(H(i,j,1)+psi(i,j,1)); 
    m_l(i+1)=rho_l*N_D(1)*pi/6*(D(i,1)*1e-
6)^3+N_D(2)*pi/6*(D(i,2)*1e-6)^3; % mass of water droplets in Kg 
  
    %% Mass balance of surrounding air 
    m_v(i+1)=m_lv-m_l(i+1); 
    m_m_air(i)=m_v(i+1)+m_a; 
  
    %% Energy balance of surrounding air 
    h_c_w_a(i,j,1)=2*k_a(i,j,1)/(D(i,j,1)); 
    q_c_w_a(i,j,1)=-h_c_w_a(i,j,1)*(T_s(i,j,1)-T_e_old(i)); 
    q_T_e_temp=N_Den(i,j,1)*q_c_w_a(i,j,1)*pi*(D(i,j,1)*1e-
6)^2*delta/(rho_moist_air(i)*C_p(i,j,1))+q_T_e_temp; 
     
    %% Energy balance components for PE layer 
    q_T_pe_temp=N_D(1,j)*pi*(D(i,j,1)*1e-6)^2*T_s(i,j,1)^4*(1-
PE_reflec-PE_trans)+q_T_pe_temp; 
     
    %% update old parameters values by newly calculated values 
    D_old(i+1,j,1)=D(i,j,1); 
    T_s_old(i+1,j,1)=T_s(i,j,1); 
end 
  
%% Energy balance of PE layer 
T_PE(i)=T_PE_old(i)+sigma*delta/(rho_PE*thk_PE*C_PE)*(T_r^4-
T_PE_old(i)^4)+sigma*delta/(rho_PE*A_PE/2*thk_PE*C_PE)*q_T_pe_te
mp; 
T_PE_old(i+1)=T_PE(i); 
  
%% Energy balance of surrounding air 
T_e(i)=T_e_old(i)+q_T_e_temp; % Where q_T_e_temp represent the 
energy balance component of the sum of individual droplets  
T_e_old(i+1)=T_e(i); 
  
End  
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APPENDIX C:  MONO-DISPERSED DROPLET SIZE EVALUATION EES CODE 
 
s=0.0001;                           //Supersaturation of moist air 
T_s=280[K]; T_r=245 [K];     //Droplet surface and radiative sink temperature in 
Kelvin 
D_c=2.4e-3 [micrometer];     //Characteristic droplet diameter for kelvin effect unit 
in meter 
rho_a=1.2041 [kg/m^3];        //Air density 
rho_l=1000 [kg/m^3];            //Water density 
C_p=1.005e3 [J/kg-K];         //Sp. heat of air   
C=4.2e3 [J/kg-K] ;                //Sp. heat of water 
k=2.5e-2 [W/m-K] ;               //Thermal Conductivity of air 
alpha_m=3.58e-5 [m^2/s];      //Mass diffusivity           
alpha_h=2.1e-5 [m^2/s];         //Vapor thermal diffusivity          
Pr=0.695;Sc=0.603;Le=1.14; //NonDimensional numbers 
P=101.3e3 [Pa];                    //Atmospheric Pressure   
P_s_e=2.315e3 [Pa];             //Water vapor saturation pressure at T_s 
h_fg=2454e3 [J/kg];               // Latent heat of vaporization 
R_w=463.4 [J/kg-K];               //Gas constant for water vapor Unit: J/kg/K 
sigma=5.67e-8 [W/m^2/K^4];  // Stefan-Boltzmann Constant 
Q_a=1.12;                         // Using Roach's recommendation for avg 1/Ka=4.3micro-m 
q_r=sigma*(T_r^4-T_s^4); 
H=h_fg/R_w/T_s^2;  
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gamma=8*k/(rho_l*h_fg)*1e12; 
psi=1.61*P*C_p/(P_s_e*h_fg*Le); 
Rad_P=Q_a*q_r*H/(2*k)*1e-6; 
D0=30.21 [micrometer];           //Precooled droplet size 
{t=2[s];} 
(-Rad_P*(D-D0)-s*ln(ABS(s-Rad_P*D)/ABS(s-
Rad_P*D0)))/Rad_P^2=gamma/(2*(H+psi))*t 
D_r=D0-gamma*Rad_P/(2*(H+psi))*t; //Droplet if only radiative cooling in effect 
D_cond^2=D0^2+gamma*s/(H+psi)*t; //Droplet if only conduction cooling in effect 
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APPENDIX D: MIST FLOW EXPERIMENTAL PARAMETERS 
Table D1 Drop size distribution parameters for radiation flux variation for different mist 
flow temperature 
Exp. 
# 
Sink 
temperature, 
Tr 
(K) 
Mist flow 
temperature, 
Tmist 
(K) 
Radiative 
Heat flux, 
(W/m2) 
D43 
(m) 
Dv10 
(m) 
Dv50 
(m) 
Dv90 
(m) 
Notes 
1 
Not 
Applicable 
 
285.9 0 26.77 0.47 3.18 82.45 
Precool 
distribution  
2 286.1 0 25.97 0.44 1.96 82.8 
3 285.9 0 25.63 0.46 2.65 81.58 
4 285.9 0 24.83 0.4 1.14 82.78 
5 286.4 0 26.21 0.56 7.43 79.54 
6 286.2 0 19.08 0.4 1.07 79.97 
7 277.4 0 20.64 0.48 2.15 93.21 
8 277.6 0 25.87 0.6 4.57 108.02 
9 277.5 0 30.38 0.56 4.29 95.61 
10 277.7 0 27.37 0.54 3.93 94.95 
11 277.7 0 29.03 0.45 1.77 95.52 
12 278.1 0 30.76 0.39 0.97 95.78 
13 
265 
286.6 126.76 31.47 0.5 7.29 83.4 
Radiative Flux 
variation 
14 286.0 124.06 27.43 0.5 5.8 82.12 
15 286.3 125.41 31.21 0.76 9.05 81.94 
16 286.6 126.76 28.22 0.41 1.24 84.68 
17 286.4 125.95 28.11 0.56 8.45 81.31 
15 277.6 85.18 34.07 0.65 7.29 126.1 
16 277.9 86.41 33.85 0.62 6.79 126.36 
17 277.6 84.93 33.1 0.6 6.21 126.22 
18 277.2 83.21 37.07 0.75 8.53 127.13 
19 277.4 84.19 35.44 0.62 6.91 127.23 
20 
255 
286.1 156.30 28.05 0.48 3.67 82.76 
21 285.9 155.23 30.32 0.51 6.6 83.12 
22 286.2 156.84 32.92 0.57 8.52 83.44 
23 286.2 156.57 31.63 0.68 9.56 82.44 
24 286.5 158.19 27.43 0.46 3.03 82.79 
25 277.9 119.10 39.28 0.91 2.56 127.91 
25 278.1 118.61 34.72 0.75 7.85 125.68 
24 278.0 117.37 35.44 0.67 7.87 126.47 
25 277.7 118.11 37.31 0.89 9.06 126.98 
26 277.9 118.61 32.52 0.6 6.89 124.96 
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Table D1 Drop size distribution parameters for radiation flux variation for different 
mist flow temperature (cont.) 
Exp. 
# 
Sink 
temperature, 
Tr 
(K) 
Mist flow 
temperature, 
Tmist 
(K) 
Radiative 
Heat flux, 
(W/m2) 
D43 
(m) 
Dv10 
(m) 
Dv50 
(m) 
Dv90 
(m) 
Notes 
27 
245 
286.4 186.11 31.05 0.72 8.75 82.69 Radiative Flux  
variation 28 286.5 186.38 34.03 0.86 8.56 84.03 
29 286.4 185.84 34.91 0.92 9.24 89.57 
30 286.0 183.95 37.62 1.65 4.49 82.37 
31 285.9 183.68 33.86 1.88 4.78 101.02 
32 277.6 145.07 41.96 0.91 8.53 123.27 
33 277.2 143.10 36.28 0.51 6.51 124.02 
34 277.5 144.57 41.47 1.06 10.03 122.81 
35 277.7 145.56 44.14 1.16 11.26 129.1 
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Table D2 Drop size distribution parameters with varying cooling time for Tr = 245 K 
  
Exp. 
# 
Centerline 
residual 
time, 
(Sec) 
Mist flow 
temperature, 
Tmist 
(K) 
D43 
(m) 
Dv10 
(m) 
Dv50 
(m) 
Dv90 
(m) 
Notes 
1 
0 
 
286.3 27.38 1.15 5.64 144.1 
Precool 
distribution 
2 286 27.62 1.24 5.76 132.7 
3 286.5 26.61 1.26 4.88 136.22 
4 285.9 29.59 0.52 3.12 136.78 
5 286.3 30.38 0.38 1.06 140.01 
6 277.4 20.64 0.48 2.15 93.21 
7 277.6 25.87 0.6 4.57 108.02 
8 277.5 30.38 0.56 4.29 95.61 
9 277.7 27.37 0.54 3.93 94.95 
12 277.7 29.03 0.45 1.77 95.52 
13 278.1 30.76 0.39 0.97 95.78 
14 
15 
285.8 30.9 1.1 5.8 145.8 
Flow rate 
variation 
15 286.2 30.38 1.23 6.09 144.01 
16 286.1 31.3 0.37 0.83 142.96 
17 286.2 31.44 1.73 6.52 141.95 
15 286.4 30.15 1.33 6.23 145.75 
16 277.5 31.23 .55 4.05 123.58 
17 277.9 30.37 .52 3.32 125.13 
18 278.1 32.21 .57 4.88 120.92 
19 277.4 31.02 .52 3.48 123.8 
20 
30 
 
286 35.11 1.42 6.25 147.94 
21 286.2 31.68 1.84 6.3 146.53 
22 285.9 37.84 0.46 5.36 136.24 
23 286.5 33.1 1.17 6.09 147.19 
24 286.2 31.12 0.98 5.47 146.51 
25 277.8 32.78 .47 2.36 122.6 
26 277 36.28 .51 6.51 124.02 
27 277.2 34.88 .48 6.06 125.32 
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Table D2 Drop size distribution parameters with varying cooling time for Tr = 245 K 
(Cont.) 
  
Exp. 
# 
Centerline 
residual 
time, 
(Sec) 
Mist flow 
temperature, 
Tmist 
(K) 
D43 
(m) 
Dv10 
(m) 
Dv50 
(m) 
Dv90 
(m) 
Notes 
21 
60 
 
286.9 37.67 0.63 5.23 143.71 
Flow rate 
variation 
22 286.3 36.16 0.52 4.53 144.61 
23 286.5 33.7 0.96 5.63 147.3 
24 286.4 33.95 1.23 6.12 146.69 
25 286.3 34.1 1.19 6.2 146.18 
25 277.6 41.96 0.91 8.53 123.27 
24 277.2 36.28 0.51 6.51 124.02 
25 277.5 41.47 1.06 10.03 122.81 
26 277.7 44.14 1.16 11.26 129.1 
 
 
Table D3 The collision efficiencies of drop with radii below 20 m 
Drop collectors  
2 m 3 m 4 m 5 m 6 m 7 m 8 m 9 m 10 m 11 m 12 m 13 m 14 m 15 m 16 m 17 m 18 m 19 m 20 m 
.02 .0144 .0105 .0079 .0063 .051 .004 .0033 .0029 .0023 .0021 .0018 .0016 .0013 .0012 .001 .0009 .0009 .0008 1 m 
 .0266 .0229 .019 .0159 .0135 .0113 .0097 .0082 .0069 .006 .0054 .0045 .004 .0038 .0033 .0029 .0027 .0025 2 m 
  .0282 .026 .0229 .0201 .0174 .0154 .0131 .0113 .0101 .009 .008 .0072 .0066 .06 .0054 .0051 .0048 3 m 
   .0306 .0279 .0247 .0223 .0195 .0174 .0154 .014 .0126 .0113 .0105 .0097 .0083 .0066 .0082 .0079 4 m 
    .0306 .0279 .0253 .0229 .0206 .0184 .0174 .0159 .015 .0144 .014 .0135 .0135 .0135 .0135 5 m 
     .0306 .0295 .028 .0229 .0212 .0201 .0195 .019 .019 .019 .0195 .0201 .0212 .0229 6 m 
      .0306 .0279 .0247 .0229 .0223 .0217 .0223 .0229 .0241 .0266 .0292 .0333 .0393 7 m 
       .0306 .026 .0241 .0235 .0235 .0241 .026 .0292 .0333 .0401 .0491 .062 8 m 
        .0266 .0247 .0235 .0235 .0253 .0279 .0326 .0383 .05 .066 .0841 9 m 
         .0278 .0253 .0247 .026 .0265 .0341 .0433 .0582 .0786 .1032 10 m 
          .0272 .0253 .0253 .0285 .0341 .0441 .061 .0853 .1162 11 m 
           .0266 .0253 .0272 .0319 .0417 .0582 .0864 .1202 12 m 
            .0266 .026 .0292 .037 .0527 .0797 .1175 13 m 
             .0266 .0272 .0326 .0441 .068 .107 14 m 
              .0272 .0285 .0363 .0545 .0899 15 m 
               .0279 .0312 .0425 .069 16 m 
                .0292 .0341 .05 17 m 
                 .0306 .0385 18 m 
                  .0333 19 m 
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Table D4 The collision efficiencies of drop with radii below 40 m 
Drop collectors  
21 m 22 m 23 m 24 m 25 m 26 m 27 m 28 m 29 m 30 m 31 m 32 m 33 m 34 m 35 m 36 m 37 m 38 m 39 m 40m 
.0008 .0007 .0007 .0007 .0006 .0006 .0008 .0006 .0006 .0006 .0007 .0007 .0007 .0007 .0007 .0008 .0008 .0008 .0008 .0008 1 m 
.0023 .0021 .0021 .0019 .0019 .0019 .0018 .0018 .0018 .0018 .0019 .0019 .0019 .0021 .0021 .0021 .0023 .0023 .0023 .0023 2 m 
.0043 .0043 .004 .0038 .0038 .0038 .0038 .0038 .004 .004 .0043 .0043 .0045 .0048 .0051 .0054 .0057 .006 .0063 .0069 3 m 
.0079 .0076 .0076 .0076 .0076 .0079 .0082 .0086 .0093 .0101 .0109 .0118 .0135 .0149 .0174 .0194 .0229 .0272 .0319 .0378 4 m 
.014 .0144 .0149 .0159 .0174 .0195 .0217 .0253 .0292 .0348 .0417 .05 .0591 .069 .0808 .0922 .1045 .1175 .1299 .1428 5 m 
.0253 .0285 .0333 .0393 .0457 .0545 .065 .0753 .0876 .1007 .1148 .1299 .1443 .1595 .174 .1923 .206 .2243 .2394 .2549 6 m 
.0474 .0595 .069 .0819 .0958 .1109 .1271 .1428 .1611 .1772 .1957 .2134 .2318 .249 .2669 .2853 .3023 .3197 .3354 .3514 7 m 
.0764 .0934 .1122 .1313 .1503 .1706 .1906 .2098 .2299 .249 .2689 .2895 .3088 .3286 .3468 .3654 .3821 .4017 .4167 .4345 8 m 
.1058 .1299 .1534 .1772 .2009 .2225 .2471 .2689 .2916 .3131 .3331 .3537 .3749 .3943 .4142 .4319 .4501 .4686 .4848 .5013 9 m 
.1313 .1595 .1872 .2152 .2432 .2689 .2938 .3197 .3422 .3654 .3894 .4092 .4319 .4501 .4713 .4903 .5096 .5265 .5436 .5581 10 m 
.1488 .1821 .2152 .2471 .2771 .3066 .3354 .3607 .387 .4117 .4345 .4554 .4794 .4985 .518 .5379 .5552 .5728 .5877 .6058 11 m 
.158 .1974 .2337 .2709 .3044 .3354 .3678 .3943 .4217 .4475 .4713 .4958 .518 .5379 .5581 .5787 .5937 .6119 .6273 .6428 12 m 
.1611 .2044 .2451 .2853 .3244 .3584 .3918 .4217 .4501 .4794 .504 .5265 .5494 .5728 .5907 .6088 .6273 .646 .6617 .6745 13 m 
.1534 .2027 .249 .2938 .3354 .3749 .4092 .4423 .474 .5013 .5293 .5552 .5758 .5997 .618 .6366 .6554 .6713 .6874 .7004 14 m 
.1384 .1923 .2451 .2938 .3399 .3821 .4217 .458 .4903 .5208 .5494 .5758 .5997 .6211 .6428 .6617 .6777 .6939 .7103 .7235 15 m 
.1162 .1739 .2318 .2874 .3376 .3845 .4268 .466 .5013 .535 .564 .5907 .6149 .6397 .6586 .6777 .6972 .7136 .7268 .7436 16 m 
.0876 .1458 .2098 .2709 .3286 .3797 .4268 .4713 .5096 .5436 .5758 .6027 .6303 .6522 .6745 .6939 .7136 .7302 .7436 .7571 17 m 
.061 .1109 .1772 .2451 .3109 .3678 .4217 .4686 .5096 .5465 .5817 .6119 .6397 .6649 .6874 .707 .7235 .7402 .7571 .7706 18 m 
.0441 .0753 .1384 .2116 .2833 .3491 .4092 .4606 .5068 .5465 .5847 .6149 .646 .6713 .6939 .7169 .7335 .7503 .7673 .7811 19 mm 
.0363 .0509 .0946 .1674 .2471 .3197 .387 .4449 .4985 .5436 .5817 .618 .6491 .6745 .7004 .7235 .7436 .7605 .7742 .7915 20 m 
 .0409 .061 .1162 .1992 .2833 .3484 .4243 .4821 .5322 .5758 .6149 .6491 .6777 .7037 .7268 .7469 .7673 .7811 .795 21 m 
  .0466 .0732 .1428 .2318 .3175 .3943 .4606 .518 .5669 .6088 .646 .6777 .7037 .7302 .7503 .7708 .788 .8019 22 m 
   .0536 .0899 .1723 .2669 .3537 .4319 .4958 .5523 .5967 .6397 .6745 .7037 .7302 .7537 .7742 .7915 .8054 23 m 
    .062 .1095 .2027 .3023 .3918 .466 .5293 .5817 .6273 .6681 .7004 .7268 .7537 .7742 .7915 .8089 24 m 
     .0721 .1327 .2375 .3399 .4268 .5013 .561 .6119 .6554 .6939 .7235 .7503 .7742 .7915 .8089 25 m 
      .0853 .1595 .2709 .3749 .4633 .535 .5937 .6428 .6842 .7169 .7469 .7706 .7915 .8089 26 m 
       .1007 .1889 .3088 .4117 .4958 .5669 .6211 .6681 .7070 .7402 .7673 .788 .8089 27 m 
        .1175 .2225 .3445 .4474 .5292 .5967 .6491 .6939 .7302 .7605 .7845 .8054 28 m 
         .137 .2569 .3821 .4821 .564 .6273 .6777 .7169 .7503 .7776 .8019 29 mm 
          .1611 .2916 .4192 .518 .5937 .6522 .7004 .7402 .7708 .795 30 m 
           .1855 .3286 .4554 .5494 .6242 .6809 .7235 .7605 .788 31 m 
            .2134 .3654 .4903 .5817 .6491 .7037 .7469 .7776 32 m 
             .2413 .4017 .5236 .6119 .6777 .7268 .7639 33 m 
              .273 .4345 .5552 .6366 .7004 .7469 34 m 
               .3023 .4686 .5847 .6649 .7202 35 m 
                .3331 .5013 .6119 .6874 36 m 
                 .3631 .5293 .6366 37 m 
                  .3918 .5552 38 m 
                   .4192 39 m 
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Table D5 The collision efficiencies of small droplets and larger drop collectors 
Drop collectors  
50 m 60 m 70 m 80 m 
.0009 .0008 .0006 .0005 1 m 
.0027 .0025 .0023 .0021 2 m 
.0122 .0223 .0401 .0601 3 m 
.1148 .1772 .2188 .249 4 m 
.2589 .3308 .3773 .4067 5 m 
.3821 .4554 .4985 .5265 6 m 
.4794 .5523 .5907 .618 7 m 
.5581 .6273 .6817 .6842 8 m 
.6211 .6842 .7169 .7368 9 m 
.6713 .7302 .7605 .7776 10 m 
.7136 .7673 .795 .8089 11 m 
.7469 .795 .8195 .8373 12 m 
.7742 .8195 .8445 .8553 13 m 
.7984 .8409 .8625 .8734 14 m 
.816 .8553 .8771 .8881 15 m 
.8302 .8698 .8881 .8992 16 m 
.8445 .8807 .8992 .9103 17 m 
.8553 .8918 .9066 .9178 18 m 
.8661 .8992 .914 .9253 19 mm 
.8734 .9066 .9215 .929 20 m 
.8807 .914 .929 .9366 21 m 
.8881 .9178 .9328 .9404 22 m 
.8918 .9215 .9366 .9442 23 m 
.8955 .929 .9404 .948 24 m 
.8992 .9328 .9442 .9518 25 m 
.9029 .9328 .948 .9556 26 m 
.9606 .9366 .948 .9556 27 m 
.9103 .9404 .9518 .9594 28 m 
.9103 .9404 .9556 .9594 29 mm 
.9103 .9442 .9556 .9632 30 m 
.914 .9442 .9556 .9632 31 m 
.914 .948 .9594 .9632 32 m 
.914 .948 .9594 .9632 33 m 
.914 .948 .9594 .9671 34 m 
.914 .948 .9632 .9671 35 m 
.9103 .948 .9632 .9709 36 m 
.9103 .9518 .9632 .9709 37 m 
.9066 .9518 .9632 .9709 38 m 
.9029 .9518 .9632 .9709 39 m 
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APPENDIX E: EXPERIMENTAL AND THEORETICAL DROPLET SIZE DISTRIBUTION 
 
Typical experimental droplet size spectra: 
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Fig. E1 Droplet size distribution after convective precooling with Tmist =277 
K and Re = 53; Dv10=.6 μm, Dv50=4.57 μm, Dv90=108 μm, and D43=25.87 μm 
 
Droplet dia, m
1 10 100
V
o
lu
m
e 
fr
ac
ti
o
n
0.00
0.05
0.10
0.15
0.20
 
Fig. E2 Droplet size distribution after radiative cooling with Tr =265 K, Tmist 
=277 K and Re = 53; Dv10= .65 μm, Dv50= 7.29 μm, Dv90= 126.1 μm, and D43= 
34.07 μm 
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Fig. E3 Droplet size distribution after radiative cooling with Tr =255 K, Tmist 
=277 K and Re = 53; Dv10=.67 μm, Dv50=7.9 μm, Dv90=126.47 μm, and 
D43=35.44μm 
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Fig. E4 Droplet size distribution after radiative cooling with Tr =245 K, Tmist 
=277 K and Re = 53; Dv10=1 μm, Dv50=6.6 μm, Dv90=139.4 μm, and D43=38μm  
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Fig. E5 Droplet size distribution after radiative cooling with Tr =245 K, Tmist =277 K and Re = 106; 
Dv10=.48  μm, Dv50=6.08  μm, Dv90=125.32  μm, and D43=125.32  μm 
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Fig. E6 Droplet size distribution after radiative cooling with Tr =245 K, Tmist =277 K and Re = 212; 
Dv10=.55 μm, Dv50=4.05 μm, Dv90=123.58 μm, and D43=31.23 μm 
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Theoretical droplet size spectra 
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Fig. E7 Precooled initial droplet distribution used for simulation input 
 
 
Droplet dia, m
1 10 100
V
o
lu
m
e  
fr
ac
ti
o
n
0.00
0.05
0.10
0.15
0.20
0.25
0.30
Experimental size distribution
Theoretical size distribution
Gaussian size distribution
 
 
Fig. E8 Mist flow droplet distribution with radiation effect at Tr =265 K for 
Re = 53 (centerline residence time, t = 60 s) 
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Fig. E9 Mist flow droplet distribution with radiation effect at Tr =255 K for 
Re = 53 (centerline residence time, t = 60 s) 
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Fig. E10 Mist flow droplet distribution with radiation effect at Tr =245 K 
for Re = 53 (centerline residence time, t = 60 s) 
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Fig. E11 Mist flow droplet distribution with radiation effect at Tr =245 K for Re = 53 
(centerline residence time, t = 30 s) 
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Fig. E12 Mist flow droplet distribution with radiation effect at Tr =245 K for Re = 53 
(centerline residence time, t = 15 s) 
 
